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Chapter 1

Introduction

1.1 Modeling absorption and scattering in X-ray
spectra: challenges for spectral fitting

Welcome to the manual for MY3GRUS, a spectral-fitting suite for modeling X-ray
spectra from a toroidal reprocessor that is valid in the Comhick regime. The
basic model has been described in Murphy & Yaqoob (2009 hautdsults in this
manual have superior accuracy and supersede those in fhext (otails will be
given as appropriate).

Constructing a model of Compton-thick obscuration and regssinig that is suit-
able for spectral fitting to real data is extremely challeqgior several reasons.
One is that the scattering of X-rays is energy-dependengaathetry-dependent,
and the correct treatment of the radiative transfer doesenot itself to fast and
accurate calculation “on the fly” as is required for speditihg. Model spec-
tra must be pre-calculated using, for example, Monte Cadbrtigues, and the
calculations are highly cpu-intensive if adequate speatsolution and statistical
accuracy is to be achieved. The calculation time is incitasen further when
fluorescent emission lines are included in the emergingtspe&nother reason is
that the statistical errors on the final model must be suffttyesmall (compared
to the expected systematic and statistical errors on tre €étata spectral-fitting
application. We have performed extensive Monte Carlo sitraria and expended
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Chapter 1. Introduction

much effort to quantitatively assess, analyze, and bendhma results in order
to produce a model that has adequate statistical qualggcesly at low energies.
In particular, we have found that previous Monte Carlo stsidieobscuration in
AGN are not available with a statistical accuracy that isnregough for spectral
fitting in the most challenging physical regime. That is@dalirections in which
the line-of-sight passes throughcolumn density greater than5 x 10%* cm 2,
at energies for which the scattering optical depth-i80 — 50% of the total op-
tical depth. This regime requires numbers of rays injeaténl the medium to be
two orders of magnitude higher than the “easiest” case, fackthe line-of-sight
column density to the observerasro(i.e. pure Compton-thick reflection).

Our model has an energy range, statistical quality, andigpeesolution that is
suitable for current X-ray data as well as that expected S TARandAstro-H

In particular, the spectral detail and resolution for thekleeand Fe K3 emission
lines in our model is good enough for calorimeter data fiastro-H The MY-
Torus model is valid for column densities in the rang@>—10* cm~2 so it
providescontinuouscoverage from the Compton-thin to Compton-thick regimes.

The MYToRrusmodel was designed specifically for modeling the X-ray sj@ect
of active galaxies with a reprocessor that has a toroidaingéy. The fact that
AGN “type classification” is in general related to orientdattiof the structure in the
central engine, along with a large body of additional evadersupports a geome-
try that is in some general sense, toroidal. Gasiedll. (2008) argue that there is
considerable observational evidence that the broad-¢igen itself has a toroidal
structure, and that there may be no distinct boundary betwesbroad-line re-
gion and the classical parsec-scale torus. Gagteadl. (2008) also argue that
there may even be no distinction between the outer accrétsérand the BLR. A
toroidal distribution of matter may exist anywhere from theer accretion disk
to parsec-scale distances from the central black hole. ughut this manual
we shall refer t)ANYtoroidal distribution of matter in the central engine as"“th
torus”, regardless of it's actual size or physical locaiiothe central engine. The
MY T orusmodel is not restricted to any absolute size scale so it cappked
to anytoroidal distribution of matter that is centrally-illumated by X-rays.

It may be possible to apply components of the MYRusmodel to sources other
than AGN and/or other situations, albeit in restricted wadlghough there should
be sufficient information in this manual to adapt the modebfdifferent purpose,
detailed discussion of such applications is beyond theesobhis manual.



Chapter 1. Introduction

It is of course possible to use the spectral-fitting modettierpurpose of simply
making spectral files (for plots, or other purposes), andéiving various nu-
merical quantities such as observed to intrinsic lumiyasitios. Even for these
applications we urge you to read the entire manual.

In order to apply the MYDRUS model youmustunderstand the physics. Oth-
erwise you may misinterpret the results of applying the MDRDS model, or
else you may apply the model incorrectly (both are easy to dio)particular,
the MYToRusmodel necessarily comes in several “bits and pieces” bedhas
is required by the physics. However, different componehtsi® model need to
be set up correctly with respect to each other and making takeisere could
be critical. The model is sufficiently complex, especiallgam additional model
components are included, that you may not even be able to fimtichgood fit
to your data if you start the model far away from a solution.isTinanual will
take you through a step-by-step process to learn the eslkseotiusing the MY-
Torusmodel. Applying the model will also require changing youpegach to
the spectral-fitting process itself compared to what you beaysed to, and this
aspect is also covered in the manual.

1.2 Outline of the manual and how to use it

In order to apply the MY BRuUs model you have to invest some time in study-
ing this manual before firing up a spectral-fitting packagelisas XSPEC — Ar-
naud 1996). It is important that you thoroughly understd@drmodel first before
attempting any spectral fitting because it is easy to apmyntiodel incorrectly.
Also, there are different ways of implementing differentganents of the model,
so more than one option may be available for particular pgepa@and different
implementations will have different characteristics. Thatability of different
implementations may vary with the particular applicatibattit would be used
for.

This manual is organized as follows. In Chapter 2 we desciobgesbasic con-
cepts with respect to absorption and scattering of X-rags whll be important
for fully understanding the MY®RuUs model. In Chapter 3 we set up the basic
geometry and physics of the MYORUS model. In Chapter 4 we summarize the
essential assumptions that the MRusmodel is based on so that the regimes of
validity of the model can be fully appreciated. In the nexethChapters (5-7) we
describe the three principal components of the MDRDS model in considerable
detail (namely the zeroth-order continuum, the scatteoatituum, and the fluo-

3



Chapter 1. Introduction

rescent emission-line spectrum). In Chapter 8 we descriprtctical aspects of
fitting real data using the MY®Rusmodel, illustrating the procedures with spe-
cific examples. Also discussed are details of how to includeehcomponents
that are not part of MY®DBRuUS. Finally, in Chapter 9, we briefly discuss some of
the effects of covering factor, elements abundances, aochegey, compared to
the assumptions made for the MYRUSs model.

1.3 Updates and future enhancements

As will be explained in this manual we expect to further upddie capabilities
and range of applicability of the MYGrRus model. The latest enhancements to
the model and to this manual can be found at

http://ww. myt orus. com

You may subscribe to an e-mail distribution list in order &®k informed about
updates to the model and to this manual, as well as any iskaesniay arise
with the model, by sending a requestrodel @ryt or us. com Note that
you are not automatically subscribed even if you received-amail notifica-
tion about the release of MYArRus — you must explicitly send a request to
nodel @yt or us. com Unfortunately we do not have the resources to provide
user support. Nevertheless, you may send an e-maittel @yt or us. com
with a problem or question, with the understanding that dyreppnot guaran-
teed. General feedbatkencouraged as it has the potential to eventually provide
justification for requesting funding for user support andtar development.

Finally, we emphasize that the current release of MRTUS is a beta version
(0.0). Whilst we have gone to great effort to test, benchmark, atidate the
results that were used to construct the model, it is to benshated that you will
be using the model and the associated documentation at yourisk. We are
not responsible for errors, or for the validity or accuraéyny results that you
might obtain using the MY®RuUsmodel. Especially in view of the fact that is is
quite easy to apply the model incorrectly (a property thaeigainly not unique
to MYTORUY), it is your responsibility to apply the model correctly. If you do
find any errors in this manual please report themddel @yt or us. com



Chapter 2

Basic Concepts

Throughout this manual, we will refer to various concepis @nminology related
to the interaction of X-rays with matter. Here we define aratify the most
important of these. This discussion is minimal and geargditds a practical
working knowledge that is required to apply the M¥Rusmodel. We give only
limited background physics but you are strongly encouragedrsue these topics
in greater detail.

2.1 Compton-thin versus Compton-thick

There is some confusion in the literature with respect tothdrean obscured
X-ray source is Compton-thick or not. Strictly speaking, @@mpton-thickness
(more appropriately, the Compton optical depth) of a mediwpethds on the
electron-scattering column densépgle-averaged over the source photon distri-
bution overdr. The electron-scattering column density itself depend$emho-
ton energy (whichchangesupon each scattering of the photon in the medium).
Suppose the X-ray source emig Fy, 0, ¢) photons per unit solid angle with an
initial energy of Ey. Here,d and¢ specify the direction of a photon in spherical
polar coordinates. If the equivalent column density of redutlydrogen in the
specified direction isVy 4, the Compton optical depthith respect to the incident
photonss then
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) I [T P(Eo, 0, ¢) Nogssind do do

T(Ey) = xoxn(E
(Eo) rnv(Eo JE [T P(Ey, 0, ) sin 0 6 d

(2.1)

wherez is the mean number of electrons per H atom and is equé{]te% 1w,
wherey is the mean molecular weight. In Eq. 2dkx(E)y), is the total Klein-
Nishina Compton cross-section at an enefgy Thus, the Compton depth of the
medium is not a simple quantity. It depends on the geomettii@medium, the
angular distribution of obscuring matter, the angularrdistion of the incident
X-ray photons and their initial energy. Moreover, &g becomes comparable to
mec?, the Compton depth for a given photon can chasigeificantly(compared
to the initial value) as it scatters in the medium.

If one has aspectrunof photons that is incident on the medium, then how can the
Compton depth be defined? Clearly, there are a large numbessitj® choices
for such a definition. We are, unfortunately, stuck with tbeventional definition,
that the Compton depth is defined as frfeomson deptlf the mediunregard-
less of the energy spectrum of the incident phatenth the additional assump-
tions that the X-ray source is isotropic and that the colutansity distribution is
spherically-symmetric. Neither of the latter two assuimpsi may be true. This
definition of course does not accommodate the fact that theabmlepth for a
photon evolves as it scatters in the medium and it is equivéatethe assumption
that £, < m.c?. With the assumptions of the conventional definition, E4. 2.
reduces to

Ts ~ xor Np (2.2)

becauserxy ~ or if By, < m.c®. For the cosmic abundances of Anders &
Grevesse (1989), Eqg. 2.2 is

Ts 0.8090 N24 (23)

whereN,, is the column density in units d0?* cm 2. According to the conven-
tional definition then, a source is Compton-thickJf> 1, or Ny, > 1.24.

6



Chapter 2. Basic Concepts

Confusion in the literature arises because the line-oftsighumn density may
be very different to the column density in directions outlué tine-of-sight and
often no distinction is made between the two quantities. ddlamn density in
EqQ. 2.2 and Eq. 2.3 in the context of the conventional dedinishould really be
the column density angle-averaged over all directionsthsiimcorrectly assigned
to the line-of-sight column density in the literature. Thegke-averaged column
density out of the line-of-sight cannot be measured with@drhodels of the X-
ray spectrum. It must be derived indirectly, either usinglsonsistent model
such as MYDRuUS or using other indicators of the column density out of the
line-of-sight. The latter indicators, such as the infrd-@ X-ray luminosity ratio,

or the Ol1l to Fe K line ratiodo notgive unique, unambiguous estimates of the
required column density. Therefore, if a source is said tG€pton-thick in the
literature, you must first scrutinize precisely how thatsléication was arrived
at, given the discussion of the complex assumptions abolnadely, of course,
the classification igrbitrary and is not in fact important Whatis important is

to derive physical parameters from the observables. Wherapply the MY-
ToRus model for this purpose, it does not matter whether you defiresburce

to be Compton-thick or Compton-thimecause there is no requirement to make
a distinction The MYToRrus model smoothly handles the range of equatorial
column densities from0?? cm~2 to 10% cm 2.

On the other hand, the simple quantities in Eg. 2.2 and Eqd@.Bave a lim-
ited physical significance in the sense that they mightler some circumstances
roughly indicate certain properties of the source that yaghtmexpect if the
Thomson depth is much less than or much greater than unitwelr, it must
be remembered that the conventional definition refers amlihé line-of-sight
Thomson depth, which may be completely different to the evagleraged Thom-
son depth. For average Thomson depths much less than umatgcattered X-
ray spectrum will be dominated by the first scattering. Treatgr the Thomson
depth compared to unity, the greater the mean number oesicafs will beand
the greater the effects of X-ray absorption. In this manwaiwl use the conven-
tional definition of Compton-thin to mean = xor Ny < 1 and Compton-thick
to meanr, = zop Ny > 1, unless otherwise specified. Whenever either term is
used we will specify what we mean byj.



Chapter 2. Basic Concepts

2.2 The zeroth-order (or unscattered) continuum

There is a finite probability that a photon entering a mediuithleave without
interacting with it at all, (i.e., the photon is neither atised nor scattered). The
zeroth-order continuum is the collection of all such pheton

In Fig. 2.1, we show a typical zeroth-order continuum phgdath in a very gen-
eralized manner to illustrate the concept.

Figure 2.1:A very generalized illustration of the concept of the zerotter continuum, show-
ing a typical photon path. Examples of rays that have undergme and two scatterings are also
shown (6 and.S; denote sites for the first and second scattering respegtidt all rays will of
course reach an observer.

The zeroth-order continuum is simply

Now = Nye (tm) (2.4)

wherer, andr, are the absorption and scattering optical depths alongribeof-
sight, respectively, and';, is the number of input photons per unit solid angle.
Both the absorption and scattering optical depths are epeependent.

In Fig. 2.1, we show a typical zeroth-order continuum phagiath.

8



Chapter 2. Basic Concepts

Since the zeroth-order continuum is purely a line-of-siglentity, itdoes notle-

pend on the geometry or covering factor of the material ouhefline-of-sight.
This component is simply a fraction of the input spectrum givan energy, and
that fraction depends only on the optical depth at that gnefpe zeroth-order
photons experience no time delay with respect to any unabdaontinuum from
the same source. The zeroth-order continuum is commonérresf to as the
“direct” or “transmitted” continuum, but we only use the rtef‘’zeroth-order”
throughout this manual.

Monte-Carlo simulations are not required to calculate thietheorder continuum
for any geometry, since it can be calculated numericallythdugh our Monte
Carlo simulations produce zeroth-order continua, our spkfitting models uti-
lize numerical zeroth-order continuum calculations.

2.3 The scattered continuum

For a photon incident upon a reprocessing medium, there ista firobability

that it will interact with the medium through Compton scattgror absorption,

which is determined by the respective optical depths in fhection of photon

propagation. At each interaction with the medium, the phatay be scattered
with a probability equal to the ratio of the scattering cresstion to the total
(scattering plus absorption) cross section. To this end, useful to define the
(energy-dependent) single-scattering albedo:

Os

O, + 0g

(2.5)

S =

The scattered continuum is the collection of all escapingtqs that have been
scattered in the medium at least once. It is sometimes eef¢oras the “reflection
spectrum”, but this implies that the escaping photons avayd scattered “back”
towards the observer. However, these photons may also berschforward to-
wards the observer with respect to the initial direction migagation.

Compton scattering shifts the energy of a photon. Theretbie photons that
contribute to the scattered continuum at a given energy eae h wide range

9



Chapter 2. Basic Concepts

of initial energies. For a cold medium (one in which the plmoemergy in the
electron rest-frame is much less thanc?), photons lose energy to electrons be-
cause Compton scatterings always transfers energy fronophidd electrons in
the electron rest frame. The net scattered spectrum fordangetlium at a given
energy then depends on the input spectrum at all higher ieserg

The fractional energy shift due to Compton scattering depe@mdthe initial en-
ergy of the photon itself and is larger for higher energieg.(Murphy & Yaqoob
2009). For example, 500 keV photons can be down-scatteredargy to~ 170
keV after a single scattering, whereas 5 keV photons are ¢éwmattered by less
than 100 eV in a single scattering. The total scattered couin is therefore a
complex function of the input spectrum, the reprocessonggry, orientation,
optical depth distribution, element abundances, and aayéactor.

Due to the extra path lengths involved, the scattered comtmwill be subject to
time delays with respect to the zeroth-order continuum. d&oobscured X-ray
source, the observed spectrum will be composed of bothesedttand zeroth-
order continua, and therefore their relative normalizegioay vary in time in
response to intrinsic continuum variations. Calculatiotheftime response func-
tion is complex, but the time delays of the scattered compboeuld bemuch
longer than the typical intrinsic variability timescalds. Fig. 2.2 , we show ex-
amples of typical scattered photon paths to illustrate hoattered photons are
affected by time delays.

2.4 The zeroth-order (or unscattered) fluorescent
emission lines

If photons are absorbed above the K-edge threshold energy atom or ion,

a K-shell electron can be removed. Subsequently, augey deag follow, or a

fluorescent line may be emitted if the K-shell vacancy isdilby an electron from
an upper level. The probability that the absorption of a icoim photon above
the K-edge threshold results in fluorescent line emissioa fliorescence yield)
increases with the atomic number of the element.

A certain fraction of the line photons that are created veitlagpe the medium with-

10
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Figure 2.2: A very generalized illustration of the time delays betweéwotpn paths for the
zeroth-order continuum and the scattered continuSmand S, denote sites for the first and
second scattering respectively). In this example, the -@oedtered ray will be delayed (with
respect to the zeroth-order array) by the difference in theet time between OA and OB. The
twice-scattered ray will likewise be delayed by the sum eftitavel times between CD and DE,
with respect to the zeroth-order ray. Not all rays shownhehe observer (e.g. the zeroth-order
ray along OA does not). The overall temporal response fanabf the scattered continuum is
therefore a very complex quantity that can be obtained byraatating the time delays for every
ray over all scattering orders.

out being scattered. These are the zeroth-order emigsiepthotons, which con-
stitute the “core” of the line. All of these zeroth-orderdiphotons have an energy
that isnotaffected by Compton scattering. Only Doppler and graviteti@nergy
shifts would affect the zeroth-order line photons (which & implemented in
the MYToRUs model by other functions in the spectral-fitting packagehe T
observed zeroth-order line flux and equivalent width (EW)edepon the input
spectrum and the reprocessor geometry, orientation, collensity distribution,
element abundances, and covering factor.

Note that the zeroth-order line emissionnist polarized, since the emission is
isotropic. Fig. 2.3 illustrates the creation and escapeeobth-order Fe K line
photons. These emission-line photons may be created afilépha scatterings of
higher-energy continuum photons and therefore will beesttlip similar (but not
identical) time delays as the scattered continuum witheetsip the zeroth-order
continuum.

11
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Figure 2.3:A very generalized illustration of some typical photon atilevant for the creation
of the zeroth-order and scattered fluorescent emissi@nsfiectrum. The zeroth-order fluorescent
line photons will appear to have time delays with respedi¢azieroth-order continuum that are of
the same order as the time delays between the scatteredwamtand the zeroth-order continuum.

2.5 The scattered components of the fluorescent
emission lines

Emission-line photons may be scattered before they esdapenedium (see
Fig. 2.3). The scattered photons constitute the “Comptomlgled’ of the ob-
served emission line. Typically, the largest contributiothe Compton shoulder
comes from line photons that have been scattered once befoape. The flux
in the Compton shoulder relative to the zeroth-order emmsbiee component
depends mainly on the column density distribution, elenadoihdances, orienta-
tion, and geometry of the reprocessor. Since the spatitlliiton of the origin
of the zeroth-order and scattered components of the emifis® is similar, we
don’t expect time delays between these components to béisigm and they are
neglected in our implementation of the MYRuUs model.

12
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2.6 Relative normalizations of the model compo-
nents

It is clear from the above discussion that separation of #reth-order contin-
uum, scattered continuum, and emission-line spectrum beustaintained in or-
der to allow for time delays and deviations from model assionp. As described
above, there may be time delays between the scattered gontiand the zeroth-
order continuum and, possibly different, time delays betwthe line emission
and the zeroth-order continuum. In reality, the reprocesdbnot have the same
geometry, covering factor, and element abundances assnroedmodel. Allow-
ing the three groups of model components to have varialdévrelnormalizations
is therefore necessary. The total spectrum is the sum ohtke groups of model
components, weighted by their relative cross-normabireti However, relative
normalizations cannot correctly account for differencethe spectrum for differ-
ent geometries, covering factors, and element abundaseehapter 9). Future
implementations, based on additional Monte Carlo simutatiavill include more
choices in covering factor and element abundances.
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Chapter 3

Toroidal Model

3.1 Toroidal reprocessor model

Our model adopts a tube-like, azimuthally-symmetric tqeee Fig. 3.1). Here
is the distance from the center of the torus (located at tiggnoof coordinates) to
the center of the “tube”, andis the radius of the tube, but note that only tago,
c¢/a, is important for our calculations. This corresponds todlassic “doughnut”
type of geometry for the obscuring torus in AGN.

The inclination angle between the observer’s line-of-sggid the symmetry axis
of the torus is given by, wheref,,, = 0° corresponds to a face-on observing
angle andl,;,s = 90° corresponds to an edge-on observing angle.

The equatorial column densityy, is defined as the equivalent Hydrogen column
density through the diameter of the tube of the torus (asatdd in Fig. 3.1). The
actual line-of-sight column density is:

2 3
Ny, 10s. = Nu [1 — (2) cos? Gobs} ) (3.1)

The mean column density, integrated over all lines-of4siglough the torus, is
(w/4)Ny (assuming an X-ray source that emits isotropically anddated at the
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Chapter 3. Toroidal Model

Figure 3.1:Assumed model geometry. The half-opening angle is givefrby +)/2 and the
inclination angle of the observer’s line-of-sight with pest to the symmetry axis of the torus is
given by#f,s. The equatorial column densit{y, of the torus is defined by the diameter of the
tube of the “doughnut”. The illuminating X-ray continuumusoe is located at the origin (filled
circle, marked “BH" for “black hole”).

origin of the torus). The column density may also be expikgsderms of the
Thomson depthzr = (1 + p)Nyor, wherey is the mean molecular weight
(see Murphy & Yaqoob 2009). For the cosmic abundances of snfi&revesse
(1989) this quantity is~ 0.809NVo4, WhereN,, is the column density in units of
10%* cm 2.

The half-opening angle of the torus is given(ay— /) /2 (see Fig. 3.1). The cov-
ering factor, AQ/(4r), is given bya/c, wherea andc are the lengths illustrated in
Fig. 3.1. In the current implementation, the half-openingla is60° (equivalent
to [AQ/(4m)] = 0.5, or (¢/a) = 2).

We assume that the the reprocessing material is uniform ssehséally neutral
and cold (seg4.5). Dynamics are not included in the Monte Carlo code. Kine-
matic information can be approximated by convolving thelfmaput spectrum
with a velocity function.

We utilize photoelectric absorption cross sections forl@hents as described in

Verner & Yakovlev (1995) and Vernet al. (1996). Although these cross section
parameterizations are only valid up to 100 keV, the absomatross sections near
100 keV and at higher energies can be approximated by a spopler-law form

16
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and they are orders of magnitude less than the values atréshtiid energies (all
< 10 keV). Therefore, we extrapolate the total cross sectiorefmrgies above
100 keV using a power law with a slope equal to that indte 100 keV interval.
We currently use Anders and Grevesse (1989) elemental caamnindances in
our calculations.

We includedK « fluorescent line emission in our Monte Carlo code for Fe and Ni,
as well as the< ;3 line for Fe. Fluorescent lines from other cosmically-atamtd
elements (such as C, O, Ne, Mg, Si, and S) are less obsendatiozlavant than
those from Fe and Ni due to their small fluorescence yield awhise lower-
energy line photons have a greater probability of being didesbbefore escaping
the medium than higher-energy photons. Currently, only th&k& and Fe K3
emission lines are included in the actual spectral-fittiragled (see Chapter 7 for
details).

3.1.1 Inclination angle bins

The spectra are stored in 8Q, bins between° and90° that cover equal intervals

in solid angle (see Table 3.1). Because of the symmetry ofdhestand the
isotropy of the illuminating X-ray radiation, these soldgle bins cover the entire
sky. The angle bins are illustrated in Fig. 3.2. For the aurgeometry with a
half-opening angle a60°, this corresponds to 5 angle bins that intercept the torus
(with 6, between60° and 90°) and 5 that do not intercept the torus (with,
between(0° and 60°). Note that the first angle bin is actually a cone centered
on 0°. For this bin,0° can be interpreted as a bin center, as opposed to a bin
boundary. Likewise, the last angle bin includes emissiomfthed,, interval
84.26° to 95.74°, centered or90° due to the symmetry. Thus, interpolation of
physical quantities for an arbitrary value &f, is not straightforward if),,,, lies

in one the “end-bin” intervals. Our method is to interpolgtentities at the mid-
point of each angle bin, except that if the specified valug gflies in the first half

of the first bin or the second half of the last bin, the valuehefphysical quantity

is simply set equal to the literal value of the quantity faatthngle bin (which is
equal to the mid-point value).
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Table 3.1: Bin boundaries fdk,,;. Bins 1-5 correspond to lines-of-sight that do
not intercept the torus for the opening angle discussed Béme 6—10 correspond
to lines-of-sight that intercept the torus.

Bin | cos (fobsmax) €08 (Bobs,min) | Bobs,min (dEQrees) fons max (degrees)
1 0.9 1.0 0.00 25.84
2 0.8 0.9 25.84 36.87
3 0.7 0.8 36.87 45.57
4 0.6 0.7 45.57 53.13
5 0.5 0.6 53.13 60.00
6 0.4 0.5 60.00 66.42
7 0.3 0.4 66.42 72.54
8 0.2 0.3 72.54 78.46
9 0.1 0.2 78.46 84.26
10 0.0 0.1 84.26 90.00

Figure 3.2: lllustration of the physical meaning of the 1@lerbins used in the
MYToRrusmodel (see Table 3.1 arsd.1.1). The torus has azimuthal symmetry,
as well as symmetry around the edge-on inclination artglg € 90°). The latter
symmetry allows us to sum rays that have directiéns and 180 — 6,,s. The
angle bin labeled “1” (face-on) actually includes a conauatbthe pole, centered
onf.,s = 0°, and the angle bin labeled “10” includes a “wedge” that istessd

on 6., = 90°. The geometry of the discrete angle bins should be congldere
carefully when interpreting spectra from MYGRUS.
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Figure 3.3:Total Klein-Nishina Compton-scattering cross sectiorsusrenergy, in units of of
the Thomson cross section.

3.2 Understanding the energy-dependence of the
spectra

3.2.1 Zeroth-order spectrum

The zeroth-order continuum has an energy dependence th#feded by the
energy-dependent photoelectric absorption cross secéind the Klein-Nishina
Compton-scattering cross section (see Fig. 3.3). The zeroldgr spectrum at
each energy is simply the input spectrum multiplied by adabetween 0 and 1
that corresponds to the fraction of photons escaping initieedf-sight without
interacting with the medium.
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Chapter 3. Toroidal Model
3.2.2 Scattered spectrum at low energies

The absorption probability for photons becomes incredgimgher as the photon
energy decreases and so the fraction of escaping photoreades significantly.
In order to obtain reliable escape fractions, larger ingngtpn numbers must be
injected into the torus at low energies. Moreover, the rtudg of absorption
edges below 10 keV would require carefully selected injgcenergies in order
to achieve the desired energy resolution with sufficienueazy (even with the
method of photon weights that we employ for our latest MontedCeesults).
However, when the energy is low enough that Compton scagtésiim the Thom-
son regime, the total scattering cross section is esslgritidependent of energy
and, if absorption dominates over scattering, most of thagag photons will be
zeroth-order or once-scattered. Under these circumstatioe passage of pho-
tons through the torus depends only on the single-scagtativedo (see Eq. 2.5)
and not on the initial photon energy.

Using our Monte Carlo code, we can calculate the number ofpgsgghotons
for a relatively small set of albedo values and interpolateahy desired, arbitrary
value of the albedo. Thus, to obtain the output for a giventipmoton energy, we
can calculate the corresponding albedo for a given set ofesieabsorption cross
sections at that energy and use that albedo value to obtaiedtape fraction
by interpolating the albedo-based Monte Carlo results. We timat if any of
the element abundances is changed, the same albedo-baséel ®&vlo results
can be used since only the correspondence between albedmargy changes.
In practice, we can calculate the zeroth-order photon nusniging Eq. 2.4 and
use the interpolated Monte Carlo results for the scatteretopls. At 5 keV the
maximum energy shift after one scattering~is100 eV, which is comparable to
CCD-resolution.

3.2.3 Scattered spectrum at high energies

At any particular energy value, the scattered spectrunuded contributions from
Compton downscattered photons that had higher initial ee=rdn principle, an
infinite number of scatterings could contribute to the tsfactrum at a given en-
ergy. In practice, the intrinsic spectrum of an astroptglssource and the Klein-
Nishina cross section decrease with increasing energy.edder, the intrinsic
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source spectrum cuts off at a characteristic energy whiaksiglly unknown.
The scattered spectra show an observed high-energy chatfbtcurs at lower
energies than the intrinsic cutoff, due to Compton downegaty. Including an
additional high-energy cutoff may not be necessary. Thetianal form of a
power-law with an exponential cutoff is not physical; in p@lar, thermal comp-
tonization models do not predict curvature that can be neztlatiequately with
an exponential cutoff. Either a physical model of the irditrspectrum should be
used (which would have a natural high-energy cutoff), omifeanpirical model
is used, it may be more realistic to assume that it simply iteates at a discrete
energy. The range of high-energy cutoffs for the input speat AGN is poorly
determined, but we note that non-blazar AGNs have rarely be¢ected above
500 keV (e.g. see Dadina 2008). In the M¥RuUsmodel, spectra are calculated
based upon the assumption that the intrinsic power-lawirmomtn terminates at
an energy that we will refer to a8, throughout this manual. Although this ter-
mination energy is not implemented as a free parametenlesilons are available
for a range of values af; up to 500 keV (se€6.1.3 and;6.2).

3.3 Implementation as a spectral-fitting model

There are a variety of possible implementations for tramsfiog the Monte Carlo
simulation results to an actual spectral-fitting model.tiPalar implementations
may be optimal for certain applications, but any implemgaiawill inevitably

involve some compromise. Two major desirable factors okfextral-fitting tool
are 1) that it should be as fast as possible and 2) that isaftovan arbitrary input
spectrum. In practice, there is a trade-off between thesgtaperties. Allowing
an arbitrary input spectrum requires “on-the-fly” integyatof the Monte Carlo
results (Greens functions) and input spectrum, and coesgigithis can result in

that can handle arbitrary input spectra, for the curremiast we choose speed as
the most important factor. Thus the first release of the MRUSmodel is in the
form of pre-calculated tables for input spectra in the fofra power law, a choice
which is suitable for the application of fitting AGN X-ray spea.

There are other practical aspects to consider in an impl&tien of the spectral-
fitting model. For example, instrument calibration undettas demand some
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freedom in the energy scale of the model spectrum, espeeidth respect to

emission-line features. Energy resolution is also an ingmbipractical consider-
ation. The energy resolution in the current model impleragon is suitable for

current X-ray spectral instrumentation and the spectsaltgion for the fluores-
cent emission lines is suitable for data that will be obtdibg calorimeters aboard
Astro-H

For the current and future implementations of the model, Weuse the albedo-
based results (se$3.2.2) to construct the spectra below 5.0 keV. The albedo-
based method uses an elastic-scattering approximatiaciss-over energy of
5.0 keV was chosen to give a reliable transition to the regimweéhich the general
Monte Carlo results are used (see Murphy & Yaqoob 2009 fortifasive details).

3.4 The default implementation: power-law table
model

The defaultimplementation of the spectral-fitting moddlased on tables of spec-
tra calculated from a power-law input spectrum. There areetigroups of tables,
corresponding to the three groups of model componentsitlescin Chapter 2:
the zeroth-order continuum, the scattered continuum, la@e@mission-line spec-
trum. The components are combined to produce the net specirhis includes
convolving the line emission with a Gaussian function (thgtart of the spectral-
fitting package) to model velocity broadening. The curremplementation in-
cludes only Fe Ik and Fe K line emission. Although our Monte Carlo model
calculates the Ni K line emission, we have not yet included it in the current
spectral-fitting model since the nickel abundance is cdydnghly uncertain.
Furthermore, this line emission is not commonly detectefiGMN spectra. How-
ever, we plan to include this component in future implemionsa of the model.

The first release of the spectral-fitting model pertains ediglement abundances
(Anders & Grevesse 1989) and a single opening angle (i.e.lfahgle of 60°,
equivalent to a covering factor 0A(2/[47]) = 0.5).

The current implementation includes different tables tmatespond to different
termination energies of the input spectrum, up to a maximoengy of 500 keV.
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Table 3.2: Summary of parameters for the MyRUStable model

Parameter Description Range
z Cosmological redshift of the source [0Er/Ey) — 1] 7
T Photon index of the intrinsic powdaw continuum 1.4-2.6
A; Normalization of the intrinsic power-law
continuum (photon flux at 1 keV) ...
Ny Equatorial column density of the torus 0.01-d®** cm 2
Oobs Inclination angle between the torus polar axis 0°-90°
and the observer’s line of sight
Ag Relative normalization of the scattered continuum
Ay Relative normalization of the
Fe Ka and Fe K3 fluorescent line spectrum
or ¥ Gaussian width of fluorescent emission lines e
Er Termination energy of the intrinsic continuum (keVX 500 keV

T Here E is the maximum energy of the intrinsic power-law spectrum (different tables
for the scattered continuum will have different values — see Chaptem@)Fy is the
maximum energy of thebserved-frameata.

! Regardless of the centroid energy of an emission line, this parameter islrelatee
FWHM velocity Width,VFHWM, by Vearwm = 2.354co, (keV)/[6 keV} when the veloc-

ity broadening is implemented with tlgssmoot h function in XSPEC, with the energy
index, a, frozen at 1.0 (see Eqg. 7.4 and Eq. 7.§h3.5). Here¢ is the speed of light.

3.4.1 Model components

The zeroth-order continuum component is in the form of rplittative tables.
The 6., dependence on the zeroth-order continuum component isamfined

to the 10 solid angle bins that we define for the scatteredirmaunih and line
emission (i.e., Table 3.1, Fig. 3.2). Instead, the calcutabf the zeroth-order
spectrum is interpolated on a finer energy grid (see Chapter 5)

The scattered continuum component is in the form of addiiades. Details
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of the different available tables, corresponding to défearhigh-energy intrinsic
continuum termination energies are given in Chapter 6.

The line emission component combines the zeroth-order eaitesed line emis-
sion and is in the form of additive tables. Currently thesdemlinclude only
Fe Ko and Fe K3 line emission. Different tables are available for diffarenergy
offsets and different termination energies of the incideswer-law continuum,
as described in Chapter 7 (which also describes the implatientof velocity
broadening).

3.4.2 Model parameters

Table 3.2 shows a summary of parameters for the XSPEC tabteInmmple-
mentation, including their valid ranges where appropriaitee notation for the
parameters in Table 3.2 will be used throughout this mardongiractice a model
is implemented using three separate tables combined wititi@ehl components
that are intrinsic to the spectral fitting package. A giverepzeter may appear in
more than of the tables, even though the multiple appeasaf@parameter may
refer to the same physical quantity. Such parameters wikhilis be tied to vary
together in the actual spectral-fitting procedure. Theildetd the tables are de-
scribed in Chapters 5, 6, and 7, whilst Chapter 8 describeg#utigal aspects of
how the tables and intrinsic functions in the spectralriiffpackage are combined
to set up complete models in preparation for spectral fitting
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Understanding the Model
Assumptions

In this chapter we summarize the various assumptions of tM& ®Rus model
that are important to understand before applying the maulelata. Although
some of these may be quite restrictive, applying a physicadehcan bdess
restrictive than applying ad hoc (non-physical) modelgsin has the ability to
yield a higher scientific return. In this respect, the stiziid goodness of fit alone
may not decide which is the best model for the data. In othedsy@dding model
components that do not have a sound physical basis, just to lggtter fit to the
data may not yield any new information about the astroplisysi¢he source. The
MY T oRrus model provides ghysical and self-consistent baseliag a starting
point and this is more useful than using ad hoc, non-physicalels. Real AGN
will not conform to all of the assumptions in the MYbRusmodel but the results
of starting to fit real data with MY®RuUswill serve as quantitative indicators of
how the model should be extended in a physical and self-s@mmgimanner. Such
an approach is not possible with models that are completehoa.

4.1 Intrinsic, incident spectrum

The X-ray continuum source in the MYSRus model is located at the center, or
origin, of the torus and emits isotropically (see Fig. 3 Aljthough in the future
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we will release a version of the MYdrus tool that can handle arbitrary input
spectra, only a power-law intrinsic continuum is currerdglypported. For the
majority of applications for fitting AGN X-ray spectra thislimnot be prohibitive.

4.2 High-energy cutoff

In the current implementation, the high-energy cutoff @ itfitrinsic continuum is
not a free parameter. However, tables are available forcaatesset of termination
energies of the incident power-law continuum (§8€2.3 and;6.1.3 for details).
We also recommend that you dot put in an additional high-energy exponential
cutoff, for reasons explained §8.4.3.

4.3 Opening angle/covering factor

The model assumes a single value for the covering factor ef ttirus
([AQ2/(4m)] = 0.5, or (¢/a) = 2), corresponding to a half-opening anglecor;
see§3.1). Future implementations will include tables for adudfil values of the
covering factor.

4.4 Element abundances

We use Anders & Grevesse (1989) cosmic abundances. In tire filkere will be
a version that utilizes Asplunet al. (2009) abundances. Future implementations
will allow also freedom in the abundance of iron.

4.5 |onization state

The observed peak energy of the narrow ke lie at 6.4 keV in many AGN
provides overwhelming evidence that the narrow core of & line in AGN
originates in cold, neutral matter (see Shu, Yaqoob, & Waii)2and references
therein). It isthis circumnuclear matter that MYGrus models. We know there
is evidence from emission and absorption lines in AGN thaizied matter also
exists in many AGN. MY DRuUs is not a model for the ionized matter, it is a
model for the neutral/cold matter. The model is calculatech&utral matter but in
practice may be applicable (with careful interpretati@nptv-ionization material,
with the possibility of H and He being fully ionized, and thastence Fe ions up
to Fexvii. Corresponding temperatuzrgs may be of the ordey 06* K or so.
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4.6 Kinematics

The table model does not include kinematics and therefdaig broadening
must be applied using an intrinsic function that is part efspectral-fitting pack-
age in use (e.g. a Gaussian convolution). A method of imphtimg velocity

broadening is fully described in Chapters 7 and 8.

4.7 The Ni Ka emission line

The Ni Ka line emission is not yet included in the model since the rieken-
dance is currently highly uncertain. Furthermore, thig lemission is not com-
monly detected in AGN spectra. However, we supply caloofetiof the equiv-
alent width of the Ni kv emission line in order to aid in the interpretation of
empirical fits with a Gaussian model component. We plan tludethe Ni Ku
line in future implementations of the MYArusmodel.

4.8 Emission-line fluxes and equivalent widths

Due to the nature of the implementation of table models in KSAt is not pos-
sible to directly obtain line equivalent widths and fluxesstead, the line flux
is calculated using the regular “flux” command, and the EWstrhesalculated
manually (for details, se§7.1.4,§7.3.5.3, an¢7.3.5.4).

4.9 Statistical uncertainties

Since the MYTOoRUSmodel is based on Monte Carlo simulations, it is has statis-
tical errors that are a complex function of the model paranseand the desired
energy resolution (s€#.2.5.1). Itis important not to forget this because you will
not notice statistical noise in the spectra for most of thraipeter because the sta-
tistical errors are so small. However, for the regime of u@gh column density
(Ny greater tham- 7 x 10%* cm~2) and high inclination angles (edge-on) you will
notice some noise in the 5-10 keV band at ##%% level. This level of statis-
tical noise is still unprecedented for model calculatioha toroidal distribution
of matter in the edge-on, high column-density regime whethn the absorption
and scattering optical depths are significantly greater thmaty. It is unlikely that
the statistical errors on the model will be larger than tlaistical errors associ-
ated with your data and the effective area calibration ofitiserument that your
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data were obtained with. In particular, the statisticatmien of the MY TORUS
model is still high enough in the edge-on, high column-dgnggime to capture
some effects associated with the Fe K edge and &akd Fe K3 emission lines
that could not be previously studied in a spectral-fittingteat. The statistical er-
rors improve for smaller column densities and smaller imation angles and can
be more than an order of magnitude smaller than the worst &asmn the high-
est column densityl(?® cm~2) has statistical errors that are more than an order
of magnitude better than the edge-on inclination anglefersame column den-
sity. Note that the Monte Carlo results upon which the Md@RIUsmodel is based
have a higher accuracy than those in Murphy & Yagoob (200%) tduseveral
improvements. More accurate algorithms for the calcutatibescape distances
were developed, photon rays with weights were employeeéausof using single,
discrete photons, and the the statistical errors on thegamespectra are smaller.

4.10 What the model does not include

Our model does not include, for example, the following comgrds commonly
used to fit AGN spectra:

Photoionized absorbers

Continuum emission that does not originate in the centradysource (e.g.
optically-thin scattered and/or thermal emission)

Relativistic emission lines

Disk-reflection continuum emission

While such components can be used in combination with our mgde should
be aware of the many related caveats (see Chapter 8 and Chaptele®ails).
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MY Torus Zeroth-order Continuum

5.1 General Properties

The zeroth-order continuum is comprised of those incidemtiouum photons
that escape the torus without any interaction with it. Thiaitkd meaning of the
zeroth-order continuum has been discussé€f2i ands3.2.1.

In this chapter we discuss important practical aspectssoitiplementation of the
zeroth-order continuum component of the M¥RUS spectral-fitting model.

The zeroth-order continuum is obtained by applyingeaergy-dependent multi-
plicative factor, or attenuationto the intrinsic X-ray continuum that is incident
on the torusalong the line-of-sightlt is important to realize each of the following
points.

e The zeroth-order multiplicative component of M8Ruscan be applied to
arbitrary incident continuum spectral shapeesgardless ofiowthe zeroth-
order continuum is implemented in MYORUS However, in most cases
you will need to set up the zeroth-order continuum to be ceifsistent
with the scattered continuum and fluorescent emissionelamponents of
MY T ORuUS, in which case the incident continuum is currently restdlcto
have a power-law form (but s€&.1.1 and;8.4.3).
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e The zeroth-order multiplicative component of M®RuUSs not generated
using Monte Carlo calculations, and therefore it is not stitfje statistical
errors (unlike the scattered continuum and fluorescentstomdine com-
ponents of MYTORUS).

e Since the zeroth-order continuum is not generated by Montk Calcula-
tions, it is not restricted to the finite angle bins that thatred continuum
and fluorescent emission-line components are (see Fign8é.2ha related
discussion in Chapter 3). In principle the zeroth-order iconim can be
calculated for arbitrary inclination angles (value9gf,) of the torus. The
zeroth-order continuum can also be calculated at arbigaeygies.

e The zeroth-order continuum doestdepend on covering factor (or opening
angle of the torus) because it is a line-of-sight quantityloesdepend on
element abundances, however.

e The zeroth-order multiplicative component distorts the&dent continuum
at all energies, not just those that are affected by absorfsiee;5.2).

There are two principal ways in which the zeroth-order gontm could be imple-
mented in MYToRuUS. The first is by means of a numerical code that calculates
the photoelectric absorption and Compton scattering adtésmu“on the fly”, and
the second is by means of pre-calculated optical depthgesradtion factors in a
table. The former method has the advantage that arbitranyezit abundances can
be employed (and therefore allowed to be free parametem)etkr, the table-
model implementation has the advantage of higher run-tipged because the
calculation of photoelectric and Klein-Nishina cross sst is much slower than
interpolation of pre-calculated table values. We plan tplement both methods
for MY T orusbut currently only the table model implementation is ava#gfor
the cosmic abundances of Anders & Grevesse 1989).

5.1.1 When and how to use the zeroth-order spectrum

For most applications, the zeroth-order continuum will Isediin conjunction
with the other components of the MYORus model (i.e. the scattered continuum
and the fluorescent emission-line spectrum). The three ooergs work together
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to form a self-consistent model and Chapter 8 describes ail dew this is done
in practice.

One situation in which you might want to uealy the zeroth-order continuum by
itself corresponds to the case when the X-ray reprocesstersds such a small
solid angle at the X-ray source that the scattered continamfluorescent line
emission can be neglected. Physically, this could reptes&ing” (or torus with
c/a > 1), or even a cloud in the line-of-sight. In the latter case,ehtiredistri-
butionof clouds must subtend a small enough solid angle at the Xaayce that
their contribution to the scattered continuum can be négtedt isyour respon-
sibility to determine whether the approximation is toldeafor your particular
application.

It is also worth bearing in mind that since the zeroth-ordertimuum multiplica-
tive component is simply equivalent to a line-of-sight abso with additional
attenuation due to Compton scattering, it can replace argulae’ neutral ab-
sorption model component with cosmic abundances (se&&l4c®).

5.2 Distortion of the intrinsic spectrum

It is important to understand that the zeroth-order comtmumultiplicative fac-
tor distorts the incident intrinsic X-ray continuum over a@ energy band. The
distortion is NOT due to Compton downscattering becauseéhattz-order con-
tinuum photons have not interacted with the medium. At eiesiigelow~ 20 keV
the spectral shape is determined principally by photoetegbsorption and above
~ 20 keV it is determined principally by the form of the Klein-Nisa (total)
Compton scattering cross section (§8€2.1 and Fig. 3.3). The effect of the latter
is to produce an effective hardening of the intrinsic speutat high energies, and
this is illustrated in Fig. 5.1 for an intrinsic power-lawrdouum with a photon
index of ' = 1.9, for Ny = 10%* cm~2 and10% cm 2.
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Figure 5.1:The zeroth-order continuum (red, solid curves) for an ianigintrinsic power-law
continuum (blue, solid lines) with a photon indexf= 1.9, for Ny = 10%* cm~2 (left) and
10%° cm~2 (right). Also shown for comparison are the results of applying ¢a@s model in
XSPEC (black, dotted lines) to the same incident continulitre CABS model does not capture
the spectral hardening because the Compton scatteringsgoson used bgABSis an inadequate
approximation (seg5.3).

5.3 Comparison with the XSPEC “CABS” model

Results in the literature that model the line-of-sight attgion in Compton-thick
AGN with only simple absorption completely miss the spddterdening effect
discussed above. Even the XSPEC matkehs does not capture the effect (even
though the €” in cABs stands for Compton scattering). This is because the
CABS model simply assumes a constant Compton scattering crossrsequal

to the Thomson cross section. However, this approximasamly valid below

~ 10 keV (see Fig. 3.3). For a direct comparison with theToRUS model,

Fig. 5.1 shows theABs model (dotted curves) applied to the same incident, in-
trinsic continuum.

5.4 Table-model implementation

In this section we describe the table-model implementatibthe zeroth-order
continuum multiplicative factor (currently the only imphentation). The imple-
mentation is in the form an XSPEE abl e or nt abl e which contain pre-
calculated optical depths or transmission factors resgdgt(the transmission
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factors having numerical values in the range 0-1). An XSRE@bI e is sim-
ilar to annt abl e except that for the former, XSPEC negates and exponenti-
ates the table values in order to produce a multiplicativdofa The practical
usage for the two types of table is the same. &habl e is the preferred default
for reasons explained i§b.4.2. There is no velocity broadening included in the
zeroth-order tables, although it could be included usingrvaolution function
intrinsic to the spectral-fitting package. For most appiass however, velocity
broadening will not be necessary. The available defauletaindel file name is
nmyt or us_Ezer o v00. fits and pertains specifically to a torus half-opening
angle of60° (corresponding tdc/a) = 2; see§3), and the cosmic abundances of
Anders & Grevesse (1989).

Symbolically, the zeroth-order model component of MYRUS will be repre-
sented throughout this manual as

MYTZ(z, Ny, Oops, E) (5.1)

wherez is the cosmological redshiftyy is the equatorial column densitg,,

is the inclination angle, andl is the energy (in keV). Recall that the actual line-
of-sight column density]Ny 1,5, can be calculated for a giveMy andé,,s using
Eq. 3.1.

The tables cover the rangé; = 10?2 cm 2 to 10*° ecm ™2 and the energy range
0.5-500 keV. It is important to understand why the value eftiie inclination
angle,f,.s, covers the range® to 90°. Values off,,,, that lie in the rang®° to

60° do not intercept the torusThe multiplicative factor for this range @k,
regardless of the value dfy or E, is equal to unity. In other words, the zeroth-
order continuum for lines-of-sight that do not intercep thrus is simply equal
to the intrinsic, unobscured, X-ray continuum. This is pbghy what would

be required for most scenarios and allows éle parameter of the zeroth-order
component to be set equal to thg, parameter in the scattered continuum and
fluorescent line components of MYORUS.

The practical details of how to use the zeroth-order tab®mjunction with other
model components are given in Chapter 8.
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5.4.1 Energy resolution
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Figure 5.2: The energy bin widths versus the corresponding energy bitiec® in the
zeroth-order continuum component in tieabl e nyt or us _Ezer o_v00. fi t s andnt abl e
nyt orus_Meerov00. fits (see§5.4.1).

Since the zeroth-order continuum component of MXRUS can in principle be
calculated for arbitrary energies, the energy resolutiothe table-model imple-
mentation is simply given by the energy bin widths. For refee, the energy bin
widths are plotted against the corresponding energy bitecem Fig. 5.2. Below
10 keV the energy resolution is better than 7 eV.

5.4.2 WARNING: etable and mtable anomalies

Theet abl e implementation for the zeroth-order continuum is the diefiawe it

is important to be aware of the fact that if an energy is spegtifinat lies outside
the valid range of thet abl e, XSPEC assigns an optical depth of zero. The data
should never extend beyond the valid energy range of the {@eks5.4.3) but
the “plot model” command in XSPEC may plot the model beyorelgpecified
energy range, resulting in a plot that may be incorman in the valid energy
range(see§8.5). Moreover, we know of at least one version of XSPEC tloasd
not correctly handle thet abl e (XSPEC version 12.3.1x that was released with
ftools 6. 3. 2),inthatittreated thet abl e asamt abl e. If you are unsure
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Figure 5.3:The anomalous zeroth-order continuum spectrum (blackl sotve) obtained from
interpolation of thent abl e values inmyt or us_Mzer o v0O. fi t s when the specified incli-
nation anglef, s, lies in thed,,s interval that has a boundary at the surface of the torus.i¢n th
example, the intrinsic X-ray continuum is a power law withreofon indexI" = 1.9 (dotted line),
s = 61° and Ny = 10%* ecm~2. For comparison the spectrum obtained from interpolation o
theet abl e values in fryt or us_Ezer 0_v00. f i t s) for this inclination angle is shown in red.
The bin boundary is at1.09° so any value o, greater than this wilhot show the anomaly for
thent abl e. See5.4.2 for details.

of the validity of your results you should cross-check witle it abl e version
of the zeroth-order continuum.

The nt abl e implementation for the zeroth-order continuum itself show
anomalous behavior of a different kind, which we describetha remain-
der of this section. In thert abl e implementation of the zeroth-order con-
tinuum, the spectrum for a given value @f,; is obtained by interpolation
of values between the twé,, bin values that bracket the specified value
of O,,s. The file myt orus_Mezero_v00. fits has 316, values between
Ops = 60° and 90° spaced at equal intervals iss 6., (actually the file
myt orus_Ezer o v00. fits also has the same intervals). For thg, inter-
val that has one boundary that corresponds to the “edge”etdtus (i.e. if
that boundary value i80° in the default model), the interpolation is problematic.
This is because XSPEC will calculate the zeroth-order specby forming a
weighted sum of both obscured and unobscured continua. Amgbe of such a
spectrum is shown in Fig. 5.3, fov; = 10** cm =2 andf,,s = 61.0°. The black,
solid curve shows the anomalous spectrum whemthtableis used in XSPEC,
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and the red curve shows the exact spectrum calculateé,for= 61.0° by in-
terpolating on the line-of-sigh column densiiging the etable model fileThe
boundaries of the bin at the edge of the torus a®aand61.09°, so any value
of 0., greater thar61.09° will not show the anomaly. Thentablemodel file
nmyt orus_Mzer o v0O. fits has the default “soft” lower limit orf,,,; set at
61.1°. In some ways the anomalous behavior near the edge of the omy ac-
tually be desirable, since the boundary of a real toroidaiaceessor in an AGN is
unlikely to be as clearly defined as that of a mathematicalstom other words,
the spectrum from a “fuzzy” surface may actually be more piafy relevant.
Note that the form of the anomalous spectrum is similar ttigdarovering.

5.4.3 WARNING: Respect the valid energy range of the model

It is important to realize that the provided XSPEC tableglierzeroth-order con-
tinuum will extend to an energy of 500 ke&yen though some of the tables for the
scattered continuum have termination energies lower th&ke®/ Although this
may sound self-evident, it is vitally critical that you dotrextend the energy range
of a spectral fit to energies abo¥g for anycomponent of the MYDRusmodel,
even if it is only for plotting purposes, because the resuilisnot be correct. It
is also important to manually restrict the lower energy libahthe data because
XSPEC will assign incorrect values to the model outside #il&\energy range.
Currently the lower bound for which the MYARus model is valid is 0.5 keV.
Even if you have correctly set the energy bounds for your,daga“plot model”
command in XSPEC may plot the model outside the valid enexgge, resulting
in spectral plots that are incorrect ($g25).
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MY Torus Scattered Continuum

6.1 General Properties

In this chapter we describe the scattered continuum conmaf¢he MY TORUS
model. We begin with the basic definitions and terminologynmarizing the
main features of the scattered continuum spectrum. We @ésass some general
issues pertaining to the application of a self-consistesdehof X-ray reprocess-
ing to real data. In this section we summarize the salientt®l@arlo results. In
§6.2 we discuss some more practical issues involved in tgriia Monte Carlo
results into a useable spectral-fitting model. We also desthe specific details
of the implementation of the spectral-fitting model.
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Figure 6.1: Scattered spectra for an input power-law continuum with = 1.9

(dashed ling Spectra for the face-ond,,s bin (bin 1 — dotted curves see
Table 3.1) and edge-ond,,s bin (bin 10 - solid curves see Table 3.1) are
shown for Ny = 5 x 10* cm™2 (topleft), 10** cm=2 (top right), 5 x

10%* em=2 (bottom left), and 10?5 cm~2 (bottom right). The zeroth-order spectrum for
the edge-om,,s bin is shown (ot-dashed curvégdor each/Ny.

6.1.1 Dependence on model parameters

The scattered continuum depends primarily @, 6., the shape of the
intrinsic continuum, the torus opening angle (and theesfoovering factor),
and element abundances. For the MXRIUs model with a half-opening an-
gle of 60° ([AQ/(4m)] = 0.5) and the cosmic abundances of Anders &
Grevesse (1989), we show just a few of the scattered speotralldstra-
tion in Fig. 6.1. The spectra for the face-ai,s bin (bin 1 — dotted
curves see Table 3.1) and edge-@h,s bin (bin 10 —solid curves see Ta-
ble 3.1) for Ny = 5 x 10% cm™2 (top left), 10** cm™2 (top right), 5 x
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10%* em™2 (bottom left), and 10% cm~2 (bottom right) for an input power-law
continuum with[' = 1.9 (dashed ling are shown. The zeroth-order spectrum
for the edge-ord,,s bin is also showndot-dashed curvgdor each/Ny. From
Fig. 6.1 we see that the Compton hump, as expected, beginpéamfor column
densities ofv 10> ecm~2 and higher and is stronger for the edge-on spectra (solid
curves) since the photons that are scattered into the edgegle bin in general
pass through a larger Compton depth than those that arerscattéo the face-on
angle bin (dotted). The relative magnitude of the Comptonfhdapends o' as
well as Ny, the hump being stronger for flatter incident spectra. Thaive mag-
nitude of the Compton hump also depends on the inclinatioteawfgthe torus,
but for lines of sight that do not intercept the structure, dependence is weak.

At low energies, although the continuum is diminished, waxdbsee a complete
extinction of the spectrum. At high energies, we find thatdpectra for the face-
on angle bin cut off at lower energies than those for the exdgangle bin. In our
particular geometry, photons emerging in the face-on apigkeare dominated by
back-scattering (which incurs the largest Compton enerdisshThere is also a
diluting effect due to the zeroth-order contribution to tieerocessed spectra in
the angle bins that intercept the torus. Pax less than~ 5 x 10** cm~2, the
edge-on reprocessed spectra are dominated by the zed#hirotons above a
few keV. However, we find that, for higNy values (greater than 5x 1024 cm—2)
even the edge-on high-energy spectra are cut off bélpysince the zeroth-order
photons no longer dominate).

The scattered spectrum contains imprints of the atomicrpbea cross sections
in terms of discontinuities at the K and L absorption-edgeghold energies.
For the abundant elements these “edge depths” may be mbhksutdowever,
the absorption-edge depths cannot be trivially relatechee¢lement abundances
This is because the edge depth in the emergent spectrumdiepernhe detailed
radiative transfer, and therefore on the geometry, intbnaangle, and column
density (amongst other factors). Further discussion oflédpendence of the scat-
tered continuum on covering factor and element abundam@eelsefound in Chap-
ter 9.

The Fe K absorption edge can be a very prominent feature cddatered and
zeroth-order spectrum, especially for a Compton-thick X+#@processor. The
observed Fe K edge shape (as a function of energy) in theeseattontinuum
is affected by Compton scattering (this is not of course ne of the zeroth-
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order continuum). Compton scattering broadens the Fe K exigark and gives

it additional structure. Moreover, when the column densityhe torus is much
larger thanv 5x10%* cm~2, edge-on inclination angles give a scattered continuum
spectrum that is strongly biased for the escape of backesedtphotons, so that
theapparentdiscontinuity in the Fe K edge is shiftebwnin energy by~ 0.1 —

0.2 keV.

6.1.2 The low-energy scattered continuum

As described ir§3.2.2, the scattered spectrum below a certain energy isi-calc
lated using an elastic scattering approximation and thezefoes not contain any
energy shifts. In our implementation, we utilize a crossfaenergy between the
elastic approximation and the full Monte Carlo results of ke®. The scattered
spectra in Fig. 6.1 illustrate the continuity between clattans in the two energy
ranges (see Murphy & Yagoob 2009 for more details).

6.1.3 The high-energy scattered spectrum

As described ir§3.2.3, the scattered spectra show an observed high-engiafy ¢
that occurs at lower energies than the termination enertiyeahtrinsic power law
continuum, due to Compton downscattering (see Fig. 6.1)ei@sdéunctions must
be calculated for incident energies that are higher thahitjieest energy that we
require for the final spectra since photons are always ddwited in energy in the
electron rest-frame. Recall that the zeroth-order spectidsmimparts additional
curvature to the high-energy spectrum (see Chapter 5). Tinerdumplementa-
tion of the MYToRuUsmodel assumes an intrinsic power-law continuum that ter-
minates at a particular energyy. Although this is an approximation, it is likely
to be more physical than an exponentially-decaying power(ee§3.2.3). For
the current table model implementation, there are sevainéts that are available
for the scattered continuum, each with a different powertermination energy
(sees6.2.5). You should not introduce an additional, ad hoc, erpdial cutoff to
the model because it is not physical and it does not presbevedif-consistency
of the MYToORUSmModel.
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You may notice some “kinks” or “waviness’ in parts of the $eet¢d continuum

at the highest energies. This is partly due to the abruptitetion energy of the
incident continuum E7) but it is also partly due to physics and to that extent,
the features areot artifacts. The absolute shift in the energy of a photon un-
dergoing Compton scattering, when its energy is comparabie.t?, can be a
large fraction ofm.c?. For example, a photon with initial energy 500 keV can be
shifted in energy by 0 to 331 kem a single scatteringdepending on the scat-
tering angle. Contrast this with a maximum shift-of0.1 keV for a photon with

an initial energy of 5 keV. This means that a large energy beord £, down

to Er/[1 + (2E7/511)], may be dominated by the first Compton scattering, even
for Compton-thick matter. At lower energies, the spectruny iina “smoothed
out” by multiple scatterings but at the highest energiesetlage no photons from
higher energies to smooth out the spectrum in that way. Teesaxtent, a more
gradual cutoff in the incident spectrum would give a smoositattered spectrum,
but the highest energy portion witill be dominated by the first scattering, simply
because the energy shifts are such a large fraction.of in that regime.

6.2 Implementation as a spectral-fitting model

In this section we describe specific choices and methodsosmghlto implement
the MYTORUS scattered continuum Monte Carlo results as part of a spectral
fitting model. The first major decision is whether the spéditting implementa-
tion should calculate integrated spectra “on the fly” frora traw” Monte Carlo
results or whether it should interpolate on pre-calculatpectra. The former
would allow the use of arbitrary input spectra but the latteuld not. However,
calculation of integrated spectra “on the fly” is much slowem interpolation of
pre-calculated spectra. Eventually, the M&AUS model will be implemented
with both options but for the current release we chose théodedf interpolation
of pre-calculated spectra for the sake of fast run-timesgectral-fitting and error
analysis.

The interpolation of pre-calculated spectra could be iigleted either as a code
or directly as an interpolation table, such as an XSPRCabl e” model. The
latter has faster run times and this is the form of the impletat@on in the current
release of MY DRUS.
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No matter which of the above methods is actually used in th@ementation,
there are several important issues that are common to arlyothend these are
discussed in turn below.

6.2.1 Energy offset

No instrument has a perfectly calibrated energy scale. Ehi€ Bbsorption edge

in the MYTORUS can be a significant feature of the spectrum and this can make
a spectral fit very sensitive to errors in the energy scaiéredion. It is not only
sharp absorption features that are sensitive to the enealy salibration but the
shape of the broadband spectrum itself can also be sensitilie calibration.

An energy offset parameter for the scattered continuumacimuprinciple be in-
cluded in implementations of MYG@Rus for spectral fitting applications. If the
spectral-fitting model is implemented as a code the enefggtotan be applied
as a function of one or more additional model parameters.edevy if the model
is implemented as an interpolation of pre-calculated speben an energy offset
has to be included as another dimension of the interpol&diole, or else different
tables must be made for different offsets.

There are other reasons why an energy offset might be nedded.is, the ab-
sorption edge energies in the actual data for an astroglysicirce may not in
fact correspond to the rest-frame energies used in the Moatk calculations.
Our Monte Carlo results were calculated assuming strictlytnaé material. In
reality the material may be mildly ionized, resulting ingltly different energies
for atomic features such as absorption edges or emissies. liDoppler and/or
gravitational shifts can also change the edge energiesioGdly, in any of these
scenarios, the physics in the model will no longer be comadtthe allowance of
an energy shift in the spectrum would simply be an empirioatgensation. Cur-
rently, there is not yet a provision in the MYSRus model to include an energy
offset for the scattered continuum (although it is inclufedthe fluorescent-line
spectrum — see Chapter 7). In the meantime, one can adjusbsineotogical
redshift parameter to mimic an energy offset, although ihisot a satisfactory
solution. It isyour responsibility to determine whether the errors incurretha
process of applying an empirical energy shift are toleratpgen the statistical
quality of the data, the particular application, and anyeotielevant factors.
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6.2.2 Velocity broadening

As already mentioned, the Monte Carlo results do not includerkatic infor-
mation but this can be implemented in an empirical fashiorcdayvolving the
emission-line spectrum with a velocity-broadening fumicti This is of course not
physical but this does not compromise the application faclwMY ToRusis de-
signed. In fact, for most applications it may be possibledglect velocity broad-
ening of the scattered continuum altogether (but in genecahnot be neglected
for the fluorescent emission-line spectrum- see Chaptet ig)ybur responsibil-
ity to determine whether the errors incurred in neglectiapeity broadening of
the scattered continuum are tolerable, given the stadlsgigality of the data, the
particular application, and any other relevant factors.

If the spectral-fitting model is implemented as a code, tHeciy-broadening
could be calculated “on the fly” with a suitable function idéd in the code.
If the spectral-fitting model is implemented as an interpotaon pre-calculated
spectra, the velocity-broadening could either be inclustethe pre-calculated
spectra, or it could be applied using a convolution functhmt is intrinsic to the
spectral-fitting package.

6.2.3 Relative normalization of the scattered spectrum

The scattered continuum in the MYSRUs model is calculated on the basis of a
specific set of assumptions (see Chapter 3 for details). ficpkar, the current
calculations pertain only to a toroidal half-opening opgnangle of60° and the
cosmic element abundances of Anders & Grevesse (1989).abtipe real data
from a real source of course will not correspond to the exasti@ptions that
went into the model, including the exact toroidal geomesge( als®2.6). In
particular, literal use of our Monte Carlo results impligilssumes a steady-state
situation so that there are no time lags affecting the magdaibf the scattered
continuum relative to the incident continuum normalizatand relative to the
zeroth-order continuum. Therefore an extra degree of tieeid needed to fit real
data. For this purpose, we use a free parameter which is argbak is a mul-
tiplicative factor applied to the scattered continuum. oilghout this manual we
refer to this relative normalization factor for the scattéspectrum aslg. This
parameterAg, changes the normalization of the scattered continuuntivelto
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the intrinsic continuum and the zeroth-order continuunmpared to the steady-
state value calculated with all of the model assumptionsriesd in Chapter 3.
Future enhancements to MYYbRuUswill include extension of the parameter space
for the toroidal opening angle and element abundances. HWoweven with such
extensions, time delays between the scattered continudrm#aimsic continuum
variations in real data may affect the relative normal@atids. Such time de-
lays are not knowa priori and cannot be determined from a single time-averaged
spectrum. Time delays between the scattered continuunmnamaksic continuum
variations can only be determined by time-resolved spsctioy of extensive data
sets from targeted monitoring campaigns, and these arenealy rare. Compli-
cating matters further is the fact that the zeroth-ordetinonm doesot suffer
the time delays that the scattered continuum does, butrritth@vs variations in
the intrinsic continuum. Direct spectral deconvolutionta scattered and zeroth-
order continua may in practice be difficult or impossible.

In summary, the relative normalization parametgr embodies a wealth of un-
known and degenerate information in a single scalar vallie. ifiterpretation of
any derived range fad s from spectral-fitting to real data is therefore highly non-
trivial. It is your responsibility to carefully interprehé meaning ofds taking
due consideration of all relevant information pertainiadte data and to the as-
trophysics of the source in question. In particularder no circumstances should
the parameterdg be interpreted directly as a measure of the covering factor o
relative element abundancén most cases a unique interpretationaf will not

be possible without other supporting evidence and you shoot hesitate to say
S0 in a paper.

As tempting as it may belo not try to derive a relationship or correspondence be-
tweenAg and the standard “reflection fraction”R) of the disk-reflection model
Such a comparison is devoid of physical meaning. Also naeihs nota cov-
ering factor either, contrary to statements in hundredsapeps in the literature.
You cannot simply scale the reflection spectrum up and dowinhcali the scal-
ing factor a covering factor. The magnitude and shape ofthdered spectrum
depends on many factors, including geometry, abundanogsila distribution
of the illuminating continuum, and the inclination angletbé system. In fact
the disk-reflection spectrum itself depends on the diskration angle, sar it-
self depends on the inclination angle. However, the diskniaton angle has no
meaning in the context of modeling obscuration in AGN, yés iisually fixed at
some arbitrary value and hidden from view. In such a scentbaaolumn den-
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sity in the model cannot be related i even thoughR is supposed to model
scattering in the absorber, because the model is not pty3ibarefore, there is
absolutely no value in trying to relatés to R.

6.2.4 Watch out for “wild normalization” situations

It is important to understand that if the data do not have @pyasure of the in-
trinsic continuum, no model can ever constrain the norratibn of the scattered
continuum relative to the intrinsic continuum. This can peap in a variety of
situations. For example, if the observed spectrum of ampisysical source is
dominated by reflection in the bandpass of the instrumeatintiinsic continuum
may not be observable anywhere in the bandpass. In suchiaisiathere will
be too many normalizations in the model, leading to sevegenkracy and ulti-
mately a lack of convergence of spectral fits. One of the nbzatéon parameters
of the model will then have to be frozen. In general it is nosgble to knowa
priori if the scattered to intrinsic continuum normalization eatannot be con-
strained by the data so several iterations of examining ¢éh@vior of the various
fit parameters may be necessary.

6.2.5 Table-model implementation (power-law continuum)

In this section we describe the table-model implementaticihe scattered con-
tinuum (currently the only implementation). The implenaditn is in the form
of XSPEC ‘at abl es” which contain pre-calculated spectra for a power-law in-
cident continuum. There is no velocity broadening inclugtethe scattered con-
tinuum, although it could be included using a convolutiondtion intrinsic to the
spectral-fitting package. For most applications howewvanaity broadening will
not be necessary for the scattered continuum. The reladirrealization parame-
ter, Ag, is implemented using the XSPEC model compormsmtiSTANT, applied
as a multiplicative factor. It is important to realize that the purpose of interpo-
lation of the spectra, the midpoints of the cosines oftthhe angle bins are used,
and this involves special treatment of the boundaries diitsieand last angle bins
(sees3.1.1). The full set of scattered continuum tables curyemthilable is given
in Table 6.1.
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Table 6.1: Scattered continuum XSPEC tables

Name Termination EnergyH)*
(keV)

nmyt orus_scatt eredH500 v0O0. fits 500

nmyt orus _scatteredH400.v0O0.fits 400

nmyt orus_scatt eredH300_v0O.fits 300

nmyt orus_scatt eredH200_v00.fits 200

nmyt orus _scatteredHl60 v0O.fits 160

nmyt orus_scatteredH100 v0O. fits 100

® The termination energy of the incident power-law continuum

Symbolically, the scattered spectrum in the tables willdqgesented throughout
this manual as

MYTS(z, Ai, Ty, Ny, Oops, F) (6.1)

wherez is the cosmological redshiftyy is the equatorial column densit,, is
the inclination angle, and is the energy (in keV). The incident continuum could
in principle be composed of more than one power-law specanc4; £~ is
the ith continuum component. Ifi; is in units ofphotons cm=2 s~! keV~! the
scattered spectrum will have the same units. In other wdfrds, in the scattered
spectrum is forced to be the same parameter as the norn@lizdtthe incident
power-law continuum component, MYTS (i.e. the model talplecsrum) will be
correctly normalized for that continuum. In XSPEC langydfge parametes; in
the incident continuum model component must be tied togeilttle the parameter
A; that is the scattered continuum table model normalization.

The table model for the scattered continuum, plus the velairmalization of the
scattered continuum(s) can be setin XSPEC as follows.
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XSPEC>np constant =( at abl e{myt orus_scatteredH500 _v00.fits} )

Here the XSPE@t abl e nyt orus_scat t er edH500_v00. fi t s isused an
example (see Table 6.1). A more detailed and practical geemer of how to set
up the model with other model components is given in Chapter 8.

6.2.5.1 Energy resolution and statistical accuracy

The energy resolution of the scattered continuum is notlgimmatter of examin-
ing the energy bin widths in thet abl es. Rather, the energy resolution depends
on the details of the original Monte Carlo calculations tharevused to make
the tables. The effective energy resolution trades offregjahe desired statistical
accuracy and is a complex relationship. Obviously, onedcmdrease statistical
accuracy by sacrificing energy resolution. The worst-caseario for both energy
resolution and statistical accuracy is that of a torus withedge-on inclination,
with a column density 0f 0% cm~2, below 10 keV. In that case the statistical ac-
curacy is3% or better for an energy resolution in the range 1-100 eV. Tieegy
resolution is variable in order to treat absorption edgepeeially those due to
the Fe and Ni K-shells, for which the resolutiomis10 eV. However, recall that
below 5.0 keV and elastic scattering approximation is usddch limits the en-
ergy resolution tAAE ~ 2[E( keV)]? eV (i.e. ~ 0.5 — 50 eV in the 0.5-5.0 keV
band). The absorption edges below 5.0 keV should be morersthttaan they are
in the model, over an energy interval 4fF. At high energies the effective energy
resolution in our model becomes increasingly more coarsigh~ 20 keV at
500 keV. We point out that for column densities less tha#f cm—2 and lower
inclination angles, the statistical accuracy of MAUS can be an order of mag-
nitude or morebetterthan the worst-case scenario outlined above. In addition,
the energy-resolution of the fluorescent emission-linespm in the MY TORUS
model is even better than that of the scattered continuue%s8.5.1). We have
ensured that below 10 keV the energy resolution of MDRUSIs suitable for the
calorimeters to be flown oAstro-H, and that above 10 keV the energy resolution
is sufficiently good for data from past and current high-gget-ray detectors, as
well as those planned for the foreseeable future.
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6.2.6 WARNING: Respect the valid energy range of the model

We repeat the warning fror§b.4.3 since it is so critical. That is, the provided
XSPEC tables for the zeroth-order continuum will extendtenergy of 500 keV,
even though some of the tables for the scattered continuumtkamination ener-
gies lower than 500 ke\Although this may sound self-evident, it is vitally crilc
that you do not extend the energy range of a spectral fit tayegeeabover for
any component of the MYDBRusmodel, even if it is only for plotting purposes,
because the results will not be correct. It is also importamanually restrict the
lower energy bound of the data because XSPEC will assigmneciovalues to the
model outside the valid energy range. Currently the lowembdior which the
MYToRus model is valid is 0.5 keV. Even if you have correctly set thergy
bounds for your data, the “plot model” command in XSPEC may ffie model
outside the valid energy range, resulting in spectral plogs$ are incorrect (see
£8.5).
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MY Torus Fluorescent
Emission-Line Model

7.1 General Issues

In this chapter we describe the fluorescent emission-limepoments of the MY-
Torusmodel. We begin with the basic definitions and terminologymmarizing
the main features of the fluorescent emission-line spectiWenalso discuss some
general issues pertaining to the application of a selfisterst model of X-ray re-
processing to real data, when line emission is includeg712 we summarize the
salient Monte Carlo results, giving some key plots of EW ang @tithe emis-
sion lines as a function of the other model parameters;718 we discuss some
more practical issues involved in turning the Monte Carlaiitssinto a useable
spectral-fitting model. We then describe the specific detdithe implementation
of the spectral-fitting model.

7.1.1 The zeroth-order emission-line components

The zeroth-order components of the fluorescent emissies liefer to line pho-
tons that escape without any interaction with the mediumttieey were created
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in. Although they are emitted by atoms/ions isotropicathe angular distribu-
tion of the emerging zeroth-order line photons in generaledes on the geom-
etry, unless the medium is optically-thin to the line phatoThe zeroth-order
line photons constitute the majority of photons in an emetrgenission line (see
§7.1.3), and they all have the same energy in the Monte Canliitsdsecause they
have not interacted with the medium. When velocity broadgisrapplied to the
zeroth-order line emission the photon energies are of ecquxlified to reflect the
distribution of the broadening function. Most of the fluarest X-ray emission
line measurements in the literature that have been modetadsimple Gaussian
functions correspond to the zeroth-order of the emissio® IHowever, depend-
ing on the spectral resolution of the instrument, some ohtkasured flux of this
line core may include a contribution from the Compton-scattdéine photons (or
Compton shoulder) since the scattered line component ¢srdiphotons with
a range of energies going all the way up to the zeroth-orderdnergy. In most
cases the latter energy corresponds to the centroid enéthg bne core. In the
MY T oRrus spectral-fitting model the zeroth-order and scattered comapts of
the emission lines are strictly tied to the other parameittise model (Vy, O,
I') so there is no need for an extra parameter as is the case fmcanodels. If
you compare the results of applying the M®BRuUSto results in the literature that
were obtained using ad hoc models you must scrutinize @igarghich compo-
nents of a line were actually measured with the ad hoc model.

7.1.2 The scattered components of the emission lines (Comp-
ton shoulders)

We refer to fluorescent emission-line photons that escapentddium after at
least one interaction as the scattered component of the Goenpton scattering
shapes the energy distribution of the scattered line pisotbtowever, the final
scattered line profile depends on the geometry, orientatind column density
distribution of the medium because the escape probabitfter scattering may be
highly directional. Some details of the scattered line j@efas a function of other
parameters in the MY®RuUs model are discussed further§ii.1.4.3 anc;7.2.6.

In cold matter, the scattered photon distribution resglfiom thenth scattering
has a spread in energy frofy (the rest-frame zeroth-order line energy), down to
511/[(511/Ey keV)+2n]. The number of photons in each scattering is diminished
compared to the number in the previous scattering. The elependence of the
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relative number of photons in each scattering, and thezefbithe measurable
width of the scattered distribution, is a function of theatmodel parameters. If
the optical depth to absorption of the line photons is mu@atgr or much less
than unity, only the first scattering may dominate. Even fbdeimediate optical
depths the third scattering is negligible in flux compareth#ofirst scattering.
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Figure 7.1:lllustration of our definition of the Compton shoulder for amission line, com-
pared with the definition “CS1”. Our definition (“full showdd’ in the figure) includes ALL of the
scattered line flux, but “CS1” includes all of the flux only imetenergy interval of the first scat-
tering. Note that no velocity broadening has been appliedeWkelocity broadening is applied,
ad hoc models will confuse line flux from the zeroth-order #r@lCompton shoulder (regardless
of definition). The vertical dotted lines in the figure illceste this by showing the energy width
corresponding ta-1000 km s~ ! either side of the zeroth-order line energy. §84.2 and;7.1.3
for further details.

The scattered component of the emission line is often rddo as the “Compton
shoulder”. However, this term has been used in the liteeaturmore than one
way, which could be confusing if you are not aware of the dettons. The most
common usage refers to the line flux between the energy eatoémie first scat-
tering,which includes some contributions from all scatteringhkis is because the
contributions from different scattering orders cannot leasured separately. This
is referred to as “CS1” (e.g. see Matt 2002), and is illustrateFig. 7.1. Some
literature may refer to only the first scattering as the Comgtwulder, but this of
course can only have a theoretical context. A third definjtighich is the one we
use here and throughout this manual, is that the Comptoncddmomnkcludesll of
the scattered line flux, for all scatterings (see Fig. 7.hjsTs the most appropri-
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ate definition for a model such as MYbRuUs which self-consistently calculates
the zeroth-order and the entire scattered line profile amd dot allow the rela-
tive fluxes of the two components to vary in an ad hoc fashiogfifiitions such
as CS1 are not necessary because there is no need to fit tlegetattmponent
of an emission line separately. You shoulat attempt to compare fits with MY-
ToRuswith results in the literature that were obtained by fittinguSsian model
components to the Compton shoulder. The Compton shouldet Gaussian and
for most of the parameter space it is not even approximatalysGan.

7.1.3 Ratio of the Compton shoulder flux to the zeroth-order
line flux

The relative magnitude of the zeroth-order and scattereddomponents is fixed
by the physics and geometry and you will not be able to vanyibhe MY TORUS
model. Nevertheless, in order for you to see at a glance wheiie Compton
shoulder is going to be important for your particular dataise~ig. 7.2 we show
that ratio of the Compton shoulder flux to the zeroth-ordes finx as a function
of Ny for two different values of,., (corresponding to the face-on and edge-on
inclination angle bins —see Table 3.1 ). The calculatiorfSgn 7.2 were made for
an incident power-law continuum with a photon index of 11San seen that the
ratio peaks afVy ~ 2 — 3 x 10* cm~2, reaching a maximum of 0.29 (face-
on), and~ 0.37 (edge-on). See Matt (2002) for discussion and details coimog
other geometries.

Note that the relative strength of the Compton shoulder coetpto the zeroth-
order emission line and the shape of the Compton shodluéepend on the shape
of the incident continuum spectrum. For a power-law contmuthis means that
the scattered to zeroth-order flux ratio and the shape of thep@m shoulder
depend on the power-law photon indéx(see;7.1.4.3).

In practice it may not actually be possible to observatignélistinguish the
zeroth-order component of an emission line from its Comptooukler. The
finite energy resolution of the instrument and/or the véjobroadening (of all
the emission-line components) may confuse the two compgsraéra line. This
is illustrated in Fig. 7.1 with dotted lines placed at enesgcorresponding to
+1000 km s~! either side of the zeroth-order line energy. Having said, tyau
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will never need to observationally distinguish between zbeth-order compo-
nent of an emission line from its Compton shoulder with the MDRDSs model
because it is a self-consistent model. However, it is ingydrto be aware of the
“mixing” for the interpretation of spectral-fitting resslt
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Figure 7.2: The ratio of the scattered flux to the zeroth-order flux in Fe lite from the
MY T orusmodel, as a function oiVy (for I' = 1.9). Shown are curves for the face-on (lower
curve) and edge-on (upper curve) inclination-angle bie® t8xt in§7.1.3 for further details.

7.1.4 The fluorescent line EW and flux

7.1.4.1 The line EW and flux in ad hoc models

When modeling emission lines with ad hoc model componenth sscGaus-
sian functions, the line intensity and EW are free paramseteddependent of
any model parameters that pertain to the continuum or olvgroratter that pro-
duces the line. Aside from the fact that one loses physid¢atimation when the
emission-line components are ad hoc, great care must beige@iin obtaining
the correct EW and flux of the emission lines. This is partlycuese one is forced
to place an emission-line model component either “behimdiharont of” the ab-
sorbing matter (that presumably produces the line). Fomgkea, in the language
of XSPEC, one could have:
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phabs(1) * ( zpo(2) + zga(2) )

or

( phabs(1) = zpo(2) ) + zga(2)

The second expression above givesdhservedine EW and flux. However, nei-
ther of the two expressions reflect that fact that the emmstan@ is producedn
the absorber. Moreover, the absorber component in the &sipres above refers
only to the line-of-sight to the line-emitting matter. Adthigh the second expres-
sion does give a measure of the observed line flux, it is natiblasto relate it to
the absorber component in the same expression withoutimydome assump-
tions (which may not be true). It should also be clear that&he “intrinsic line
flux” or "absorption-corrected line flux” is entirely an detct of applying an ad
hoc model because it has no physical meani@gly the observed line flux has
a physical meaning Therefore, the first expression above does not give a line
flux that is physical. It may not give the correct EW eitherdgse, in a physi-
cal context, the X-ray continuum is attenuated by all of tbkeimn density in the
line-of-sight, but if the line is created in the absorbeeg, lihe should not be simply
attenuated by the line-of-sight column density.

Self-consistent models such as MBRuUs do not, by definition, suffer from the
problem described above. The reason why we have explairegrtilem with

ad hoc models is that you should be aware of it if you attemiotmpare line
EWs and fluxes from MY ®Ruswith measurements in the literature because the
latter will most likely have been derived using ad hoc modehponents. The
EWs and fluxes of emission lines in sources that are Comptarirtiheline-of-
sightmay not necessarily be comparable between ad hoc models ¥iMUS
either, because the mater@lit of the line-of-sightnay be Compton-thick (see
discussion irg2.1).

7.1.4.2 The line EW and flux in self-consistent models

In an X-ray reprocessing model in which the fluorescent eomslines are pro-
duced self-consistently, the line EWs and fluxes are conipléetermined by
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the other parameters of the model. Therefore in a specttiagficontext there
is, strictly speaking, no need for the emission-line fluxebe free parameters.
However, in many situations, one may need to know the valfiéseoEW and
flux explicitly for a particular line. The spectral-fittingodel would then have to
be able to calculate the line EW and flux using the other moderpeters and
display the values to the screen. If the spectral-fitting ehagl implemented as
a set of interpolation tables, it may be problematic for thecsral-fitting pack-
age. In§7.3.5 we describe the table-model implementation of the MXUs
emission-line spectrum in more detail and explain how the EW and flux can
be calculated.

7.1.4.3 Dependence of the line EW, flux, and Compton shouldemnaother
model parameters

The dependence of the fluorescent emission-line EWs and farxéise system
geometry, orientation, column density, covering factoi] @lement abundances
may be easily appreciated but it may not be so obvious thaEie and fluxes
also depend on thghape of the incident X-ray spectruhhis is because high-
energy photons in the continuum can down-scatter many tandsventually be
absorbed by an inner shell and produce a fluorescent emigsto\ hard contin-
uum will have a greater proportion of high-energy photorat tre available for
this than a steeper continuum. Therefore a hard spectrunpretdiuce a fluores-
cent line with a larger flux than a steeper spectrum. In agldisince high-energy
photons will penetrate deeper into the medium than lowerggnghotons, the flu-
orescent lines produced by hard spectra will have contdbstfrom deeper in the
medium. This affects the relative strength (compared ta#neth-order line) and
shape of the Compton shoulder.

The dependence of the zeroth-order Feddnission-line flux on the incident con-
tinuum photon energy is illustrated in Fig. 7.3 which shofes,several column
densities, the number of FecKemission-line photons resulting from continuum
photons centrally injected into the toroidal medium at aergnF, as a fraction of
the number of line photons resulting from continuum photojected at 7.2 keV
(just above the Fe K absorption edge). It can be seen thafthe 5 x 10?4 cm 2
(dotted line, Fig. 7.3), andV; = 10%° cm~2 (upper solid line, Fig. 7.3) curves
break and become flatter above50 keV. In fact, at 50 keV the contribution to
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the Fe ku line flux is still as high as 10% of the contribution at the gyeof 7.2
keV. Further discussion can be found in Yag@ailal. (2010).
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Figure 7.3:Monte-Carlo results for the number of escaping Re émission-line photons re-
sulting from monoenergetic continuum photons injected e toroidal X-ray reprocessor of
Murphy & Yagoob (2009) at an enerdy, as a fraction of the number of line photons resulting
from continuum photons injected at 7.2 keV. Results are shfowfive equatorial column densi-
ties: 2x 1023 cm~2 (lower solid curve)5 x 10?3 cm ™2 (dot-dashed curve®,x 1024 cm—2 (dashed
curve),5 x 10%* ecm~2 (dotted curve), and0?> cm 2 (upper solid curve). For each column den-
sity, the Fe kx line photons that escape the medium are summed over alleedoagtions. As the
reprocessor becomes more and more Compton-thick, thévestatntribution to the Fe K line
from high-energy continuum photons increases signifigantl

If the incident spectrum is a power-law continuum the emissine EW, flux, and
shape of the Compton shoulder will have a dependence on thergaw photon
index, I'. This dependence, and the dependence on the other modeigiara
mentioned above, will be discussed in more detafi7ir2. We caution that the
dependence of the fluorescent emission-line parameter€angton shoulder
on I should not be neglected for the FexKine and lines at higher energies.
Fluorescent lines with lower energies than the kelike are not yet included in
MY T oRrus. The dependence of lower energy lineslois less severe because the
fractional energy shift per scattering of continuum phet@iless.
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7.2 Monte Carlo results

In this section we give some graphical results from the M&@uaedo simulations
that will be useful for understanding the general behavidhe EWs and fluxes
of the fluorescent emission lines as a function of incliratmgle, and column
density for an incident power-law continuum with a photoder ofI". Note that
all of the results here correspond to the default model witkal&opening angle
of 60° (or [AS2/(4m)] = 0.5), and the cosmic abundances of Anders & Grevesse
(1989). The effects of variations in the latter two assuoriwill be discussed
in Chapter 9. It is also important to realize that the EW ver&yscurves give
the line EW with respect to the sum of the scattered continénam the torus
and the zeroth-order continuum (for non-intercepting armghs the latter is just
the intrinsic continuum). If you include additional conitmn components in a
spectral-fitting model (i.e. not from MY3RuUS), the observed EW will change.

Finally, we do not give extensive discussions of the gragdhiesults in this
section—see Murphy & Yagoob (2009) and Yaqeohl. (2010) for further details.

7.2.1 The fluorescent emission lines

The MYToRrusmodel is based on Monte Carlo simulations that currentlyidel
three fluorescent emission lines (more will be added in theré). The included
emission lines are shown in Table 7.1.

Note that for neutral Fe, thedemission consists of two lines, K at 6.404 keV
and Ko, at 6.391 keV, with a branching ratio of 2:1 (e.g. see Bambyetehl.
1972). In the Monte Carlo simulations these were treated asgéedine with
an energy of 6.4008 keV (corresponding to the weighted meangees of the
Fe Ka; and Fe Ky, lines). For the MY ORUS spectral-fitting model, the two
components of the FeKline arereconstructedising the above branching ratio
and line energies (sé&.3). The energy difference between the two components
is small enough to neglect the differences in opacities be@tror incurred in this
procedure is too small to impact fitting evéstro-H data. The ratio of Fe K/
Fe Ko assumed in the model is 0.135 (see Murphy & Yagoob 2009, dackreces
therein). This ratio cannot be changed in the MOYRIUS spectral-fitting model,
although in the table model implementatig? 3.5), tables with different Fe ®
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Fe Ko ratios may be available in the future.

Further details on the atomic data used for the emissiors lgam be found in
Murphy & Yaqoob (2009) and references therein.

Table 7.1: Fluorescent emission lines in the Monte Carlo code

Element Line K-edge energy Line Energy

(keV) (keV)
Fe Ko 7.1240 6.4008
Fe K3  7.1240 7.0580
Ni Ka 8.3480 7.4720

Note that the emission-line spectra produced by the Monte®Cade do not in-
clude velocity broadening. Kinematic effects must be aapto the Monte Carlo
results. The particular approximations and methods eneplayill be discussed
in §7.3.
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7.2.2 Fe Kaline EW and flux

In Fig. 7.4, we show the zeroth-order EWSs of the Fe ke as a function of
the column density of the torusyy. The lower curves show the results for the
non-intercepting angle bins, with ascendig, bins from top to bottom, and the
upper curves show the results for the intercepting anglg, bitth ascending,,s
bins from bottom to top (see Table 3.1).
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Figure 7.4:The Fe kv line equivalent width (EW) versudy; for T' = 1.9 as calculated from
the Monte Carlo code. Curves are shown for each of thé,10bins (see Table 3.1). The lower
set of curves corresponds to bins 1-5 (lines-of-sight tbaiat intercept the torus) and the upper
set of curves corresponds to bins 6-10 (lines-of-sightititatcept the torus). Thsolid curves
correspond to the two boundafty,s bins (bins 1, 5, 6, and 10; see Table 3.1) for both intercgptin
and non-intercepting cases.

59



Chapter 7. MYTorus Fluorescent Emission-Line Model

1.9)

1.5) EW( =

EW (T

0.1 1 10
N, (1C*cnr?)

Figure 7.5:Ratio of the Fe K line equivalent width (EW) fol”’ = 1.5 to the corresponding
EW forI" = 1.9, versusNy. Curves are shown for each of the 49 bins (see Table 3.1). The
set of red curves corresponds to bins 1-5 (lines-of-sigtttdb not intercept the torus) and the set
of black curves corresponds to bins 6—10 (lines-of-sigat itfitercept the torus). Theolid curves
correspond to the two boundafy,s bins (bins 1, 5, 6, and 10; see Table 3.1) for both intercgptin
and non-intercepting cases.

Fig. 7.5 shows the ratio of the FenKline EW forI" = 1.5 to the corresponding
EW forI' = 1.9, versusNy, for each of the inclination-angle bins (see Table 3.1).
In the Compton-thick regime, the ratio of the EWSs for the namsicepting angle
bins can be as large as 1.3 and for the intercepting bins it can be as large as
~ 1.6.
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Figure 7.6:The Fe K line flux versusNy for T' = 1.9 as calculated from the Monte Carlo
code. Curves are shown for each of thedlL, bins (see Table 3.1). The upper set of curves
corresponds to bins 1-5 (lines-of-sight that do not intetrtiee torus) and the lower set of curves
corresponds to bins 6-10 (lines-of-sight that interceptttirus). Thesolid curves correspond
to the two boundary,,s bins (bins 1, 5, 6, and 10; see Table 3.1) for both intercgpsind
non-intercepting cases. The normalization of the line flaxesponds to a power-law incident
continuum that has a normalization at 1 keVigfhoton s~! cm™2 keV 1.

In Fig. 7.6 we show the Fe &line flux versusNy for I' = 1.9, for each of the

10 inclination angle bins (see Table 3.1). The upper set ofesucorresponds
to bins 1-5 (lines-of-sight that do not intercept the torasyl the lower set of
curves corresponds to bins 6-10 (lines-of-sight that aeet the torus). Further
discussion of the Fe &line flux can be found in Yaqooét al. (2010).
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7.2.3 Fe K3 line EW and flux

In Fig. 7.7, we show the zeroth-order EWs of the Fé ke as a function of
the column density of the torusyy. The lower curves show the results for the
non-intercepting angle bins, with ascendihg, bins from top to bottom, and the
upper curves show the results for the intercepting anglg, bitth ascending,;,s
bins from bottom to top (see Table 3.1).
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Figure 7.7:The Fe K3 line equivalent width (EW) versudy; for T' = 1.9. Curves are shown
for each of the 10, bins (see Table 3.1). The lower set of curves correspondint 15-5
(lines-of-sight that do not intercept the torus) and theanmet of curves corresponds to bins 6-10
(lines-of-sight that intercept the torus). Téalid curves correspond to the two bounddgy, bins
(bins 1, 5, 6, and 10; see Table 3.1) for both interceptingreordintercepting cases.

62



Chapter 7. MYTorus Fluorescent Emission-Line Model

10+

105

Fe KB line flux (photons cn¥ s7)

| L vl L Lo L Lo
0.01 0.1 1 10
N, (1C*cnr?)

Figure 7.8:The Fe K3 line flux versusNy for I' = 1.9 as calculated from the Monte Carlo
code. Curves are shown for each of thedlLQ, bins (see Table 3.1). The upper set of curves
corresponds to bins 1-5 (lines-of-sight that do not intetrtiee torus) and the lower set of curves
corresponds to bins 6-10 (lines-of-sight that interceptttirus). Thesolid curves correspond
to the two boundary,,s bins (bins 1, 5, 6, and 10; see Table 3.1) for both intercgpsind
non-intercepting cases. The normalization of the line flaxesponds to a power-law incident
continuum that has a normalization at 1 keVigfhoton s~! cm™2 keV 1.

In Fig. 7.8 we show the Fe Kline flux versus/Ny for I' = 1.9, for each of the
10 inclination angle bins (see Table 3.1). The upper set nfesucorresponds to
bins 1-5 (lines-of-sight that do not intercept the torug) tre lower set of curves
corresponds to bins 6—10 (lines-of-sight that intercepttinus).
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7.2.4 NiKa line EW and flux

In Fig. 7.9, we show the zeroth-order EWs of the Ni kine as a function of
the column density of the torusyy. The lower curves show the results for the
non-intercepting angle bins, with ascendihg, bins from top to bottom, and the
upper curves show the results for the intercepting anglg, bitth ascending,;,¢
bins from bottom to top (see Table 3.1).
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Figure 7.9:The Ni Ka line equivalent width (EW) versudy; for T' = 1.9 as calculated from
the Monte Carlo code. Curves are shown for each of the,l0bins (see Table 3.1). The lower
set of curves corresponds to bins 1-5 (lines-of-sight tbatat intercept the torus) and the upper
set of curves corresponds to bins 6-10 (lines-of-sightititatcept the torus). Thsolid curves
correspond to the two boundafiy,s bins (bins 1, 5, 6, and 10; see Table 3.1) for both intercgptin
and non-intercepting cases.
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In Fig. 7.10 we show the Ni K line flux versusNy for I = 1.9, for each of the
10 inclination angle bins (see Table 3.1). The upper set nfesucorresponds to
bins 1-5 (lines-of-sight that do not intercept the torug) tre lower set of curves
corresponds to bins 6-10 (lines-of-sight that intercepttinus).
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Figure 7.10:The Ni Ka line flux versusNy for T' = 1.9 as calculated from the Monte Carlo
code. Curves are shown for each of thedlf; bins (see Table 3.1). The upper set of curves
corresponds to bins 1-5 (lines-of-sight that do not intetrtiee torus) and the lower set of curves
corresponds to bins 6-10 (lines-of-sight that interceptttirus). Thesolid curves correspond
to the two boundary,,s bins (bins 1, 5, 6, and 10; see Table 3.1) for both intercgpsind
non-intercepting cases. The normalization of the line flaxesponds to a power-law incident
continuum that has a normalization at 1 keVigfhoton s~* cm ™2 keV 1.
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7.2.5 Fe K3/ Fe Ka EW and flux ratios

Although the Fe K/Fe Ka ratio assumed in the Monte Carlo calculations was
0.135, the Fe K/Fe Ka ratio of emission-line photons thascapdrom the torus
may be higher than this when the medium is optically-thiclaibsorption of ei-
ther of the two emission lines. This is because of the diffea¢ absorption
opacities for the Fe K and Fe KJ lines. Fig. 7.11 shows the ratio of the line
fluxes, Fe Ki/Fe Ka, for photons escaping in the face-on and edge-on angle bins,
as a function ofVy. An incident power-law continuum with a photon index of
[' = 1.9 was used for the plot. Note that the flux ratio is differentite EW ratio

of Fe KG/Fe Ka, since the continuum opacity at the two line energies isdiff
ent. There is some dependence of the F#H€ Ko ratio (both in flux and EW)
on I' for high column densities (greater than5 x 10?* cm~2 or so) and high
inclination angles.
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Figure 7.11:The Fe K3/Fe Ka fluxratio for photons escaping the torus in the face-on (red) and
edge-on (black) angle bins as a functionaf, for I' = 1.9. The dotted curves correspond to the
ratio of zeroth-order line components only and the solidvesicorrespond to the ratio of the total
line fluxes including all scatterings.
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7.2.6 The shapes of the Compton shoulders

The shape of the Compton shoulder of a fluorescent emissiere8caping from
the torus has a dependence on the column density and incfirangle of the
torus. Itis also affected by the shape of the incident comitim spectrum (includ-
ing the termination energy), the covering factor (or opgrangle), and element
abundances. Fig. 7.12 and Fig. 7.13 illustrate the shap#gedfompton shoul-
der for a power-law incident continuum with = 1.9, for five column densities
(102, 10%, 10*, 5 x 10*, and10?® cm~2) and different inclination angles of
the torus. The results shown are for the Fe &mission line but the Compton-
shoulder shapes are similar (for the same set of model pseashéor the Fe &
and Ni Ko emission lines. The Compton shoulder shapes shown in Fig.and
Fig. 7.13 are from the original Monte Carlo results and haveeiocity broad-
ening applied to themsge§7.3 for the actual, composite, fluorescent-line spec-
tra that are used in the final spectral-fitting mogerhe Compton shoulders are
shown in wavelength space in units of the dimensionless Camywtvelength
shift with respect to the zeroth-order rest-frame energthefemission line. In
other words, ifE' is the energy of a line photon, arid, is the zeroth-order line
energy A\ = (511 keV/E) — (511 keV / Ey).

Fig. 7.14 shows the Compton shoulder féf = 10?® cm =2 for the face-on and
edge-on inclination angle bins, for = 1.5 andI” = 2.5. It can be seen that al-
though the dependence is weak for the face-on angle bimatisegligible for the
edge-on case. The reason for the dependence on the spbkapaldaf the incident
continuum was explained i§7.1.4.3. The dependence of the Compton shoulder
shape on the element abundances and the torus coveringifactorently beyond
the scope of this manual.
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Figure 7.12:The Fe kx emission-line Compton shoulders for a power-law incidemttimuum
with T' = 1.9, for five column densities (from top to bottoVy = 1022, 1023, 1024, 5 x 1024,
and10?° cm~2) and different inclination angles of the torus (figure contis on next page). The
left-hand panels show the two extreme non-interceptindeabigs #1 (red) and #5 (black), and
the right-hand panels show the two extreme interceptindeabigs, #6 (red) and #10 (black)—
see Table 3.1. No velocity broadening had been apphate that in order to directly compare
the Compton shoulder shapes, the total flux for each shothl@ebeen renormalized to the same
value The line flux (in arbitrary units) is plotted against the dimsionless Compton wavelength
shift with respect to the zeroth-order rest-frame energhi@Emission lineAX = (511 keV/E)—
(511 keV/Ey) (see§7.2.6).
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Figure 7.13:Fig. 7.12continued
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Flux (arbitrary units)
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Figure 7.14:The Fe kx emission-line Compton shoulders fdf; = 10%° cm~2 and a power-
law incident continuum with* = 1.5 (solid), andl’ = 2.5 (dotted). Thdeft-handpanel shows the
face-on angle bin and théght-handpanel shows the edge-on angle bin. No velocity broadening
had been appliedNote that in order to directly compare the Compton shouldepes, the total
flux for each shoulder has been renormalized to the same v@heeline flux (in arbitrary units)

is plotted against the Compton wavelength shift with restethe zeroth-order rest-frame energy
of the emission lineAX = (511 keV/E) — (511 keV/Ey) (see§7.2.6).

7.3 Implementation as a spectral-fitting model

In this section we describe specific choices and methodsagmglto implement
the fluorescent-line Monte Carlo results as part of a spefittialg model. The
first major decision is whether the spectral-fitting implera¢ion should calculate
integrated spectra “on the fly” from the “raw” Monte Carlo riswor whether it
should interpolate on pre-calculated spectra. The fornwravallow the use of
arbitrary input spectra but the latter would not. Howevalgalation of integrated
spectra “on the fly” is much slower than interpolation of pedeulated spectra.
Eventually, the MYTRuUsmodel will be implemented with both options but for
the current release we chose the method of interpolationestalculated spectra
for the sake of fast run-times for the spectral-fitting andeanalysis.

The interpolation of pre-calculated spectra could be iigleted either as a code
or directly as an interpolation table, such as an XSPRCabl e” model. The
latter has faster run times and this is the form of the implaat@n in the current
release of MY DRuUS
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No matter which of the above methods is actually used in th@ementation,
there are several important issues that are common to ariyochand these are
discussed in turn below.

7.3.1 Splitting of Fe Ko into Fe Ka; and Fe Kas

As described ir§7.2.1 the Fe Ik line flux from the Monte Carlo results is divided
amongst the two Fe & and Fe Ky, components, with the correct branching
ratio. This splitting is applied to both the zeroth-ordexfandthe scattered line
spectrum (Compton shoulder).

7.3.2 Energy offset

No instrument has a perfectly calibrated energy scale. efber, the emission-
line centroid energies in MY®RUS need to have some freedom to allow for en-
ergy offsets. If the spectral-fitting model is implementedaacode the energy
offset can be applied as a function of one or more additior@ehparameters.
However, if the model is implemented as an interpolatiorrefgalculated spectra
then an energy offset has to be included as another dimeaktbe interpolation
table, or else different tables must be made for differefsets.

There are other reasons why an energy offset is needed. § hhei emission-
line centroid energies in the data may not in fact corresponthe rest-frame
energies used in the Monte Carlo calculations. Our Monte Qadalts were
calculated assuming strictly neutral material. In redhty material may be mildly
ionized, resulting in slightly different emission-linenteoid energies. Doppler
and/or gravitational shifts can also change the emissiandentroid energies,
as can asymmetry of the line profiles. Obviously, in any okéhscenarios, the
physics in the model is no longer appropriate and the alloeah an energy shift
in the line spectrum is simply an empirical compensatiois your responsibility
to determine whether the errors incurred in the processddeeable, given the
statistical quality of the data, the particular applicatiand any other relevant
factors.
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7.3.3 Velocity broadening and the composite line spectrum

The spectra for each included emission line (both zerodleroand scattered com-
ponents) are combined into one summed spectrum. As alreadyioned, the
Monte Carlo results do not include kinematic informationsig ts implemented
in an empirical fashion by convolving the emission-linecpem with a velocity-
broadening function. This is of course not physical but tiies not compromise
the application for which MY DRusis designed. This is because it is unlikely
that everAstro-H which will have the best spectral resolution for Fe e spec-
troscopy in the foreseeable future, will be able to distisgulifferent geometries
of the distant-matter Fe dline in AGN from its velocity profile (e.g. see Yaqgoob
et al. 1993). In the current implementation of the M¥RUS model we use a
Gaussian line-broadening function, even though the lindlpris unlikely to be
Gaussian, and may even be double-peaked.

If the spectral-fitting model is implemented as a code, tHeouy-broadening
could be calculated “on the fly” with a function included ireticode. If the
spectral-fitting model is implemented as an interpolatiorpoe-calculated spec-
tra, the velocity-broadening could either be included mphe-calculated spectra,
or it could be applied using a convolution function that igimsic to the spectral-
fitting package.
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Figure 7.15Effect of velocity broadening on the fluorescent emissiae-spectra consisting of
the Fe kvy, Fe Kas, and Fe K3 lines. A Gaussian convolution function was applied to thenkdo
Carlo results for a toroidal X-ray reprocessor withy = 10%* cm~2 (viewedface-or), illuminated
by a power-law continuum with a photon indexIof= 1.9. Four emission-line spectra are shown
with a FWHM of 200, 700, 2000, and 70@@h s~ . Note the logarithmic flux axis: the narrower
core of the line for the smaller velocities makes the flux p&f ik the core much higher than that
in the Compton shoulder

The effect of velocity broadening on the fluorescent linectpen (composed of
the Fe Ky, Fe Koy, and Fe K3 lines) is illustrated in Fig. 7.15Yy = 10%* cm 2,
face-on), Fig. 7.16 fy = 10%* cm~2, edge-on), Fig. 7.17Ny = 10% cm™2,
face-on), and Fig. 7.18\p = 10% cm~2, edge-on). A simple Gaussian function
has been employed for convolving emission-line profileshwiFWHM velocity
that is constant with respect to energy. For each columnityesnsd inclination-
angle pair in Figs. Fig. 7.15 to Fig. 7.18, emission-linecspge are shown for
four values of the FWHM, namel200 km s~!, 700 km s~!, 2000 km s, and
7000 km s~!. The value of200 km s~! is approximately the velocity resolution
that will be achieved in the Fe K band by the calorimeters ebdatro-H The
value of 700 km s™! is in the regime expected from the classical, parsec-scale
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torus. The value 02000 km s™! is approximately the velocity resolution of the
Chandrahigh energy grating (HEG) spectrometer in the Fe K energylbdime
value of7000 km s~ is approximately the velocity resolution of CCD detectors in
the Fe K band. All emission-line spectra in Fig. 7.15 to Fig8Avere calculated
for an incident power-law spectrum wiith = 1.9. Note that in some situations
velocity broadening can mask the Compton shoulders as giisshing features
of the emission-line spectra even when the X-ray reprocassbompton-thick.

In fact, at a FWHM of7000 km s~! there is no shoulder to the line profitad the
only trace of it is a slight asymmetry in the line profile. Arvidius implication of
this is thatthe Compton shoulder cannot be resolved with CCD dete{ti@spite
some claims in the literature to the contrary). Also noticat tthe zeroth-order
cores for the Fe K; and Fe kv, components cannot be distinguished as separate
components even for a FWHM as low#¥) km s~ (this has already been pointed
out in Yagoobet al. 2001).
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Figure 7.16:Effect of velocity broadening on the fluorescent emissiae-bpectra consisting
of the Fe kv, Fe Kas, and Fe K3 lines. A Gaussian convolution function was applied to the
Monte Carlo results for a toroidal X-ray reprocessor wih = 10?4 cm~2 (viewed edge-o,
illuminated by a power-law continuum with a photon indeX’of 1.9. Four emission-line spectra
are shown with a FWHM of 200, 700, 2000, and 7080s~'. Note the logarithmic flux axis: the
narrower core of the line for the smaller velocities makesfthx per keV in the core much higher
than that in the Compton shoulder

7.3.4 Relative normalization of the emission-line spectrum

The fluxes of the fluorescent emission lines depend, amotigest things, on the
torus half-opening angle (or covering factor) and eleménnhdances. The abun-
dances of elements other than the element producing aydartemission line can
also affect the flux of that line. The flux of every emissiorelis of course also
directly related to the normalization of the intrinsic, ithent continuum. Indeed,
in a self-consistent model, the absolute flux of every fluogas line isdeter-
minedby the incident continuum normalization (amongst othendgk) and has
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Figure 7.17 Effect of velocity broadening on the fluorescent emissiae-spectra consisting of
the Fe kv, Fe Kas, and Fe K3 lines. A Gaussian convolution function was applied to thentdo
Carlo results for a toroidal X-ray reprocessor witly = 1025 cm~2 (viewedface-or), illuminated
by a power-law continuum with a photon indexIof= 1.9. Four emission-line spectra are shown
with a FWHM of 200, 700, 2000, and 70@6n s—'. Note the logarithmic flux axis: the narrower
core of the line for the smaller velocities makes the flux p&f ik the core much higher than that
in the Compton shoulder

no degrees of freedom. In practice, real data from a realcsooir course will

not correspond to the exact assumptions that went into treemimcluding the

exact toroidal geometry (see al§@d.6). In particular, literal use of our Monte
Carlo results would implicitly assume a steady-state siinato that there are no
time lags affecting the fluorescent-line fluxes relativehte incident continuum
normalization. Therefore an extra degree of freedom isee&alfit real data. For
this purpose, we use a free parameter which is a scalar thanigtiplicative fac-

tor applied to the composite fluorescent-line spectrdrnroughout this manual
we refer to this relative normalization factor for the fluscent-line spectrum as
Ap. Further discussion of how the fluorescent-line fluxes chdng departures
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Figure 7.18:Effect of velocity broadening on the fluorescent emissiae-bpectra consisting
of the Fe kv, Fe Kas, and Fe K3 lines. A Gaussian convolution function was applied to the
Monte Carlo results for a toroidal X-ray reprocessor wKh = 10%° cm~2 (viewed edge-oi),
illuminated by a power-law continuum with a photon indeX’of 1.9. Four emission-line spectra
are shown with a FWHM of 200, 700, 2000, and 7080s~'. Note the logarithmic flux axis: the
narrower core of the line for the smaller velocities makesfthx per keV in the core much higher
than that in the Compton shoulder

from the default assumptions in the MYbRusmodel can be found in Chapter 9.
Future enhancements to MYORuUswill include extension of the parameter space
for the toroidal opening angle and element abundances. Yoweven with such
extensions, time delays between continuum and line fluxatiaris in real data
may affect the relative normalizatiod,;,. Such time delays are not knovarpri-

ori and cannot be determined from a single time-averaged speciiime delays
between continuum and emission-line variations can onlgdtermined by time-
resolved spectroscopy of extensive data sets from targededitoring campaigns,
and these are extremely rare.

77



Chapter 7. MYTorus Fluorescent Emission-Line Model

In summary, the relative normalization parametgr embodies a wealth of un-
known and degenerate information in a single scalar vallne. ifiterpretation of
any derived range fad ;, from spectral-fitting to real data is therefore highly non-
trivial. It is your responsibility to carefully interpret the meaning .4f taking
due consideration of all relevant information pertainiogte data and to the as-
trophysics of the source in question. In particularder no circumstances should
the parameterd, be interpreted directly as a measure of the covering factor o
relative element abundancBReview the analogous discussion of the relative nor-
malization of the scattered continuurd4) in §6.2.3. In most cases a unique
interpretation ofA; will not be possible without other supporting evidence and
you should not hesitate to say so in a paper.

7.3.5 Table-model implementation (power-law continuum)

In this section we describe the table-model implementatibthe fluorescent-
line spectrum (currently the only implementation). The lempentation is in the
form of XSPEC ‘at abl es” which contain pre-calculated spectra for a power-
law incident continuum. The intrinsic velocity width i$ km st FWHM (i.e.
essentially zero) so the table model must be combined Wl X®PEC gaussian
convolution modetsMooOTHto produce a final model in which the line width is
a free parameter. The relative normalization paramétgrjs implemented using
the XSPEC model componeDONSTANT, applied as a multiplicative factor. A set
of tables are available for a range of values for the energgttbetween-100 eV
and+100 eV, with the incident power-law continuum extending to 5@¥/Ki.e.

Er = 500 keV). The dependence of the fluorescent line spectrum onethe t
mination energyFEr, of the incident continuum can be evaluated for an energy
offset of zero, for which several tables are available witfecent values ofZ .

It is important to realize that for the purpose of interpiglatof the spectra, the
midpoints of the cosines of thg,,; angle bins are used, and this involves special
treatment of the boundaries of the first and last angle bes§3 1.1). The full
set of emission-line tables currently available is giveiable 7.2.

Symbolically, the fluorescent line spectrum in the table & represented
throughout this manual as
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Table 7.2: Fluorescent line spectrum XSPEC tables

Name Energy Termination VP?WH M
Offset(eV)  Energff (keV)  (kms— 1)

myt | V000010nEPOOOH500.v00. fits 0.0 500 10
myt | V000010nEp100H500.v00. fits —100 500 10
myt | V000010nEPO90H500.v00. fits —90 500 10
nyt | V000010nEpO8OH500.v00. fits —80 500 10
nyt | V000010nEp070H500.v00. fits —70 500 10
nyt | V000010nEpO60H500.v00. fit's —60 500 10
nyt | V000010nEp050H500.v00. fits —50 500 10
nmyt | V000010nEp040H500_v00. fits —40 500 10
myt | V000010nEp030H500.v00. fits —30 500 10
myt | V000010nEp025H500.v00. fit's —25 500 10
myt | V000010nEp020H500.v00. fit's —20 500 10
nmyt | V000010nEp015H500.v00. fit's —15 500 10
nyt | V000010nEp010H500.v00. fits —~10 500 10
myt | V000010nEpOO5H500.v00. fits -5 500 10
myt | V000010pEp100H500.v00. fits +100 500 10
nyt | VO00010pEPO90H500.v00. fits +90 500 10
nyt | VO00010pEPO8OH500.v00. fits +80 500 10
myt | VO00010pEP070H500.v00. fits +70 500 10
myt | VO00010pEPO60H500.v00. fits +60 500 10
myt | VO00010pEpO50H500.v00. fits +50 500 10
myt | VO00010pEp040H500.v00. fits +40 500 10
nyt | VO00010pEp0O30H500.v00. fits +30 500 10
myt | VO00010pEp020H500.v00. fits +20 500 10
nyt | VO00010pEp025H500.v00. fit's +25 500 10
myt | VO00010pEp015H500.v00. fits +15 500 10
nmyt | V000010pEp010H500.v00. fits +10 500 10
nmyt | VO00010pEp005HS00.v00. fit's +5 500 10
myt | V000010nEpO0OHA00_v00. fit's 0.0 400 10
nmyt | V000010nEpOOOH300.v00. fit's 0.0 300 10
nyt | V000010nEpOO0H200.v00. fits 0.0 200 10
nmyt | V000010nEpOOOH160.v00. fits 0.0 160 10
nmyt | V000010nEpOOOH100.v00. fits 0.0 100 10

@ The termination energy of the incident powaw continuum.

® The intrinsic gaussian velocity width already applied te table spectrum data.

MYTL(z, A;, T, Nu, Oobs, E) (7.1)

wherez is the cosmological redshiftyy is the equatorial column densi#,, is
the inclination angle, and is the energy (in keV). The incident continuum could
be in principle be composed of more than one power-law sp@candA; £~ is
the ith continuum component. I; is in units ofphotons cm™2 s7! keV~! the
fluorescent line spectrum will have the same units. In othed; if A; in the flu-
orescent line spectrum is forced to be the same parametee astmalization of
the incident power-law continuum component, ihiegratedflux for each line in
MYTL (i.e. the model tables) will be correctly normalized finat continuum. In
XSPEC language, the parametgrin the incident continuum model component
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must be tied together with the parametgithat is the fluorescent line table model
normalization.

If we apply velocity broadening to the fluorescent line speutwith a gaussian
convolution function, we can write the resulting spectrusn a

L(Z, Ai’ Fi7 NH, 6)obsa oL, E) =

+oo
/ exp [(F — x)2/2<7}23] MYTL(z, A;, T, Nu, Oops, ) dx (7.2)

[e.9]

whereo; is a linear function off in order that the velocity width is independent
of energy (since/cis proportional tar; / E). In XSPEC the gaussian convolution
function,GSMOOTH, has

B e
op = O], (6keV) (73)

whereo;, and« are parameters of the model. Therefore we must keéged

at 1.0, leavingr, as the basic line-width parameter of the XSPEC table-model
implementation of MY DRUS. The parameter itself has units of keV but we can
convert it to a velocity width using

B or(keV)
VFWHM = 23546( 6 keV (74)
= 117.70.(eV) kms™ ' (7.5)

Note that the units of; are different in the above two equationSimilarly, the
conversion from velocity-width te, is given by

VFWHM
— __FWHM 7.
oL O850<100kms_1) eV (7.6)
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(but note that the XSPEC parametgrmust be entered in units of keV).

The table model with the gaussian velocity-broadenings e relative normal-
ization parameter can be set in XSPEC as follows.

XSPEC>np const ant *gsnoot h( at abl e{ nyt|l V000010nEpO0OOH500 vO00.fits} )

Here the XSPEGt abl e nyt | "VO0O0010nEpOOOH500 v0O. fits is used
as an example (see Table 7.2). A more detailed and practsarigtion of how
to set up the model with other model components is given in @&nap

7.3.5.1 Energy resolution

The bin widths in various energy ranges in the fluoresceetiimodel tables are
given in Table 7.3, from which it can be seen that in the 53k@V band, the bin
width over-samples the best spectral resolution that weilatsailable from X-ray
instrumentation in that band in the foreseeable future.

Table 7.3: Emission-line table energy bin widths

Energy Bin Width
Range (keV) (eV)

0.5-4.0 one bin
4.0-5.8 20 eV
5.8-7.2 0.4 eV
7.2-9.0 20 eV
9.0-500 one bin

However, the energy resolution of the MWRusfluorescent emission-line model
is not simply a matter of examining the energy bin widths ie &t abl es.
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Rather, the energy resolution depends on the details of thmal Monte Carlo
calculations that were used to make the tables. The eféeetergy resolution
trades off against the desired statistical accuracy andcangplex relationship.
Obviously, one could increase statistical accuracy byifsgiog energy resolu-
tion. The worst-case scenario for both energy resolutiohstattistical accuracy is
that of a torus with an edge-on inclination, with a columnsignof 10%° cm 2. In
that case the statistical accuracgs or better for an energy resolution 6f8 eV
for the Fe kv line Compton shoulder, comparable to the resolution achleva
by calorimeters to be flown oAstro-H Even if the data have better resolution
than 8 eV, they must have sufficiently small statistical exron the counts per
resolution element before they become comparable withtttestical accuracy
of the model and this will not happen for most AGN. We point thatt for column
densities less that?® cm—2 and lower inclination angles, the statistical accuracy
of MYTORuUS can be an order of magnitude or mdretterthan the worst-case
scenario outlined above. The energy resolution of the exeattontinuumin the
MY T orusmodel is different to that of the emission-line spectrum had been
discussed i§6.2.5.1.

7.3.5.2 Emission lines that are not included

The implementation of the MY®Russpectral-fitting model does not yet include
the Ni Ka emission line, and nor does it include fluorescent emissias lfrom
any other element aside from Fe. Some other lines may be magpited in the
future but for the moment if such lines are observed in dagg thill have to be
fitted with ad hoc model components. Such additional compizshould not be
placed “behind” any absorber, but “in front”, unless youllgeare including an
absorber component that lies further from the central entlian the torus. (see
discussion ir§7.1.4). Even then, if the absorber is Compton-thick the msysf
the final model will not in general be correct. Further distos on including
additional model components (that are not included in MYRTS) can be found
in Chapter 8.
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7.3.5.3 Fluorescent line flux calculation

As explained in§7.1.4.2 emission-line fluxes are not free parameters infa sel
consistent model and therefore must be explicitly caledlatn the table-model
implementation the most straight-forward way to calcukteemission-line flux
is to delete all model components except for the emissimmdpectrum and use,
for example, the “flux” command in XSPEC. You must of course uadly spec-
ify the appropriate energy band over which to calculate tive dind you can get
the energy boundaries from visual inspection of the modelaViously depends
on the relative strength of the Compton shoulder and the ighlaidth). Alterna-
tively, you could use the convolution modefLux in XSPEC but it involves the
same amount of work. Either way, the line fluxes thus obtawide observed-
frame quantities in the observed energy band between thememies that you
specified even though all the line parameters are in thenasief. This observed-
frame energy band is what you see in the XSPEC model plot msef the
boundaries of the emission-line of interest. Observethérantegrated fluxes are
a factor of(1 + z) smaller than fluxes in the rest-frame values (see §8s8.1).
Statistical errors on an emission-line flux can be obtainediiaining statistical
errors onA, and scaling the best-fitting line flux with these. Alternalyy the
statistical errors can be obtained directly if you use th&®€KS modelcFLUX.

It is important to note that the MY3RuUsS emission-line fluxes will include the
scattered components of the lines (Compton shoulders) ¢tlea lne cores. This
is another reason for exercising caution when comparimflirxes obtained using
MY T oruswith corresponding line fluxes in the literature that weréaated by

fitting ad hoc models. Empirical fits with single, Gaussiandelocomponents
may under-estimate the observed line flux. Spectral fitsatiatnpted to model
the Compton shoulder with an ad hoc Gaussian component aengiarable
because the Compton shoulder never even resembles a Gaalsasen

7.3.5.4 Fluorescent line EW calculation

The facility to calculate the EW of a fluorescent emissioe limthe MY TORUS
model is not provided because in a typical application thvitebe more than
one choice about the continuum component to use for the E¥ledion. You
must be clear about which continuum component you want taodeyou must

83



Chapter 7. MYTorus Fluorescent Emission-Line Model

measure that continuum using the spectral-fitting packaateybu are using. You
must also be clear about whether you are measuring fluxeg ioltberved frame
or the rest frame of the source - you must be adopt one or tlez fithbothline

and continuum. Express the continuum (at the line centrbitie line core) in
units of photons cm=2 s~ keV~!. Then take the measured line flux in units of
photons cm~2 s~! (notergs cm 2 s~1) and divide it by the above monochromatic
continuum flux (the EW will then be in units of keV). The obsedvframe EW

is a factor of(1 + z) smaller than the rest-frame EW of an emission line (see
also§8.3.1). The(1l + z) factor doesnot cancel out in the calculation of EW
because the denominator in the expression for the EW hastagom in units

of photons cm~2 s~! keV~! so that the compression of the continuum in energy
space exactly balances the time dilation factor for thatinaoom. Be aware that

if you measure the continuum from an XSPEC model plot, thewilbshow you

the observed-frame spectrum even though the model parereete rest-frame
quantities, and you must correct for this accordingly.

Note that the “eqw” command in XSPEC cannot be used becaese ith more
than one emission line in the composite line spectrum tabBlen if there were
only one line, it could not be used because XSPEC finds theadmrnergy of the
emission-line model component and uses that energy tolatddine continuum,
but the centroid energy may not be the energy you want for ancBMulation
if the line is asymmetric (e.g. due to a Compton shoulder). Noght use the
“eqw” for lines that are not part of MY®RUS Remember that the XSPEC “eqw”
command gives EWs that are in the observed frame, even ifalbtiher model
parameters are rest-frame quantities.

It is not possible to directly calculate the statisticabesron the EW. However, it
may be sufficiently accurate for some applications to sinsphle the best-fitting
line EW by the statistical errors on the line flux (see dismuss Yaqoob 1998).
Finally, we note that whilst the EW may be a useful parametemwfitting ad hoc,
non-physical models, for a self-consistent model such asT®RUS, the EW is
nota particularly useful parameter.

84



Chapter 8

Spectral Fitting with the MY Torus
Model

8.1 General Issues

In this chapter we assume that you are already familiar witlayspectral fitting
procedures and we will not explain such details or the varsubtleties and is-
sues associated with spectral fitting and statistical ematysis. Rather, we will
demonstrate only how to set up the models since you couldlyeastiain incor-
rect results if you make mistakes at this stage. We will alsiatpout important
caveats and issues that may not be so familiar. We assumgdhdtave read
all the preceding chapters in this manual. Again, there arg important issues,
definitions, and procedural points that were explained @vipus chapters, and
erroneous results could be obtained if you have not faragaryourself with the
material in previous chapters.

You will inevitably need to include model components in didai to the MY-

ToRrus model. In a future release of MYArRus we hope to include an im-
plementation that can operate with arbitrary input spectrathat case adding
additional emission components that interact with thegavil be simple. How-
ever, in the table-model implementation, adding additionadel components
that are not part of the torus model must be done with greataad it can break
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the self-consistency of the model. Regardless of the péaticonplementation

of the MYToRuUs model, adding additional absorption components requines a
even more careful approach. All of the principal issues Iwved with including
additional model components that are not part of MORUS (corresponding to
emission or absorption) are discussed in detajBir.

8.1.1 General fitting procedure

The MYToRrusmodel is sufficiently complex that you will not in general b#ea
to fit blindly, in the sense of starting with an arbitrary sétrotial model param-
eters and letting the spectral-fitting package simply firellibst fit. It will help
you immensely if you always keep in mind a physical picture at wbu are at-
tempting to modelYou must first understand what it is in your data that willdri
various components and parameters of the model. For exampht aspect of
your data will constrain the zeroth-order continuum if aRat aspect of your
data will constrain the scattered continuum? How well caur ylata constrain the
Fe Ko fluorescent line emission? You can do this preliminary workranually
(and iteratively) changing the parameters of the model amdirfg an approxi-
mate solution. You must then decide which parameters tadreetially, bearing
in mind that the scattered continuum changes only slowlj witlination angle
when the line-of-sight does not intercept the torus. Rehalifor arbitrary values
of ,,,s the scattered continuum and fluorescent emission-linerspare interpo-
lated using midpoints of the cosines of the angle-bin botieddTable 3.1). This
necessitates that no interpolation is performed for vatiés,,, less than the bin
center of the first angle bin or for values@®f,, greater than the bin center of the
last angle bin (this was discussed§i.1.1). Thus, you should exercise caution
whend,,, is allowed to be a free parameter and interpret statistrcai eanges on
f.1s With great care.

You will also usually need to initially set the relative nalizations of the scat-
tered continuum and emission-line spectrufy @nd A, respectively) equal to
unity. The emission-line velocity width is another paraeneéhat you might need
to initially freeze. After some preliminary fitting you maydn “thaw” parameters
as demanded by the data. If you allow both and A;, to float we recommend
that you first “tie” them together (i.e. forcés = A;) and only allow them to be
independent of each other if the data demand it. Physica#ydo not expectls
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and A, to be equal in general because the spatial distribution attexing sites
and line-emitting sites is not the same. However, rttecroscopiacharacteristic
size scales of the scattering sites and line-emitting sitesimilar so we do not
expectAs and Ay, to be too different from each other. In particular, the inégd
temporal delay factors (with respect to the intrinsic comtim) thatds and A;,
embody will be of the same order. The interpretations of éhegtive normalization
parameters4{s and A;) are not at all simple and their meaning has already been
discussed throughout the preceding chapters (in partisel@s2.6, §6.2.3, and
§7.3.4). The relative normalization parameters encapsalatealth of unknown
information, including information about the temporalrséer functions for the
scattered continuum and the fluorescent-line spectruns your responsibility
to carefully interpret the meaning ofs and A;,, taking due consideration of all
relevant information pertaining to the data and to the astysics of the source
in question. We reiterate here thatder no circumstances should the parameters
As and Ay, be interpreted directly as measures of the covering factaoelative
element abundancedn most cases a unique interpretationA¥ and A;, will
not be possible without other supporting evidence and youlghot hesitate to
say so in a paper. Recall that in some situations in which tkee dmnot harbor
sufficient information about the intrinsic continuum thevidl be too many nor-
malization parameters, leading to degeneracies that nesept convergence of
the spectral fit if one or more of the relative normalizatiangmneters is not frozen
(sees6.2.4).

All of the examples in this manual refer to XSPEC (Arnaud 199 they can
in principle be adapted for other spectral-fitting packagé&able 8.1 to Table
8.3show screen output from XSPEC for the three examplessrCiapter. How-
ever, they do not depict what you will actually see on the excrieecause they
have been annotated for clarity. Different versions of XGR#ll in fact exhibit
different screen output for the same models and the exarhplesare meant to
be generic and the annotation is designed to clearly ddmactelations between
different parameters. In particular, the examples aregdesi to show which pa-
rameters in the various model components are tied togethevell as the corre-
spondence between the XSPEC parameters and the physiaaigiars that they
represent.

You should also be cognizant of the valid ranges of the paern&here appro-
priate. In particular, you should be aware that in the precésleriving statistical
error ranges on the model parameters, if a parameter boumslancountered,
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the statistical error on that parameter will not be valid. ére¢bd Table 3.2 for a
summary of the MY DRuUsmodel parameters and their ranges. You should also
be aware of the soft and hard bounds on parameters that amedsgbu should
change them if it is appropriate. The default bounds arensétea XSPEC table
model files themselveddowever, the bounds dn in the table models are over-
ridden by the bounds on the power-law model in XSPEC so you mmastally
change these to match the bounds in Table B Zhe example xcmfiles that are
provided with the MYTorRUsmodel this has already been taken care of.

There are many different ways in which the different compasef the MY-

ToRrus model could be used and it is beyond the scope this manual/éoagi

exhaustive exposition. By means of a few examples, we will@lestrate how to
set up the model in the context of the most common likely séesa

Note that in all of the examples we will include a Galacticaipsion component
since this will nearly always be included in the model. It isdeled with the
phabs component in XSPEC and the one parameter, the column deissggt
to a value in the examples that has no particular significagoa must set it a
value appropriate for your source. We also include in themptas a redundant
const ant model component (i.e. a simple scalar) that is useful whénditata
from more than one data file (e.g. from a different instrumeimiultaneously. We
denote this constant by,, wherek = 1,2, 3.. is the data file number label. If a
model is set up correctly for one instrument, reading anath file into XSPEC
will then correctly repeat the set up for the second data @lee then manually
sets the initial value of’,, allowing it to float, ensuring that’ is frozen at unity.
The processes can be repeated for more data filesCTheould then represent
cross-normalization factors between the different dag¢a fil

In each example discussed below we will give symbolic expoes for the model
in addition to the notation used by the XSPEC spectral-fjtpackage. The sym-
bolic representations of the various components of MRUs have already been
discussed in Chapters 5— 7 and will not be discussed again here

8.2 Table model (power-law continuum)
The MY ToRrustable model files can be downloaded from

http://ww. mytorus. com
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under the “downloads” link. The basic model is contained Ire ffile
myt or us_basi c_v00. t ar and has the minimum number of tables necessary
for spectral fitting. The tar file opens to a directory callegk or usfi | es/

and contains three tables that can be used, for example thdtat abl e and

at abl e functions in XSPEC. The three tables correspond to the zenmatbr
continuum component, the scattered continuum, and thesigent emission-line
spectrum. The termination energy of the power law is 500 kethe latter two
tables, and the energy offset is zero for all the tables. thaithl tables for the

nt abl e version of the zeroth-order continuum, the scattered naotn for dif-
ferent termination energies (see Table 6.1), and for thasom-line spectra for
different energy offsets and different termination enesdsee Table 7.2) are avail-
able from the above URL. The details pertaining to all of tHalda have been
discussed extensively in Chapters 5—-7. You will select natentlban one table
from each of the three groups of tables for a particular agpbn. Also included

in the basic tar file are threexc mfiles that correspond to three specific examples
that we discuss below. Thexcmfiles can be loaded into XSPEC in the usual way
and will automatically set up the model for each example.ahifiarize yourself
with how to set up and use MYArusyou should follow each of the three exam-
ples in turn, since the first one is the simplest, and the iBitde most complex.
Pay particular attention to which model parameters arettgdther for the dif-
ferent components because the same physical parameteppagran more than
one of the separate model components, a situation thatasddsy the particular
method of implementation. In all of the examples, the inpaver-law continuum

is symbolically represented by, £~ photons cm2 s~ ! keV~!, where4, is the
normalization (photon flux at 1 keV), ard is the photon index. Both the nor-
malization4;, andI’;, need to be communicated to the scattered continuum and
emission-line model components because each of thosentadalel components
depend orboth parameters of the input spectrum.

8.2.1 Example 1: continuum-only model

The XSPEC model file for this example is

myt _exanpl e_t abl enodel _01. xcm
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which models only the zeroth-order continuum and the saatteontinuum, and
no emission lines. The details of the zeroth-order contimaund the scattered
continuum models have been discussed in Chapter 5 and Chagspéctively.
In this example we use the tabigt or us _scatt er edH500.v00. fi t s for
the scattered continuum. Symbolically, the spectrum ismgivy

N(E) Cp e o ENugar ([ £(2) A, [(1+ 2)E] "
MYTZ(Z, NH7 90b87 E)]
Ag IMYTS(2, A;, Ti, Ny, bobs, E)] )

photons cm ™2 s ! keV ™! (8.1)

+ X

wheref(z) = 1 because for the units df (E£) here, the time dilution and energy
compression factors @fi + z) cancel out. The actual expression that sets up the
XSPEC model in this particular example is

nodel constant *phabs(
( zpowerlw )etabl e{nytorus_Ezero_v00.fits} +
constant ( atabl e{nytorus_scatteredH500 v00.fits} ) ).

In XSPEC this will be displayed as

const ant <1>xphabs<2>( ( zpower| w<3> ) MYt orusZ<4> +
const ant <5>( MYtorusS<6> ) )

(or an equivalent, similar expression).

The relationship between the XSPEC expression and the dianbodel com-
ponents is illustrated in Fig. 8.1, whilst a plot of the mosgeéctrum is shown in
Fig. 8.2. Table 8.1 shows the correspondence between thelrpachmeters as
displayed by XSPEC, and the symbolic representation of trenpeters.
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Table 8.1: XSPEC parameters for examplé¢8.2.1)

Model Fit Mod Component Parameter Value Property Symbol
par # par# comp

1 1 1 constant factor 1.00000 frozen C,
2 2 2 phabs nH 1e22 1.790000E-02 frozen Ny Gal
3 3 3 zpowerlw Pholndex 1.90000 |
4 4 3 zpowerlw Redshift 3.300000E-03 frozen =z

5 5 3 zpowerlw norm 2.700000E-02 A;
6 6 4 MYtorusZ NH 1e24 2.00000 Ny
7 7 4 MYtorusZ IncAng Degrees  90.0000 frozen 0O,
8 4 4 MYtorusZ  Redshift 3.300000E-03=par4 =z

9 8 5 constant factor 1.00000 Ag
10 6 6 MYtorusS  NH 1e24 2.00000 =par6 Npg
11 7 6 MYtorusS  IncAng Degrees 90.0000 =par7 Oops
12 3 6 MYtorusS Pholndx 1.90000 =par3d Ty
13 4 6 MYtorusS  Redshift 3.300000E-03=par4 =z
14 5 6 MYtorusS norm 2.700000E-02=par 5 A;

Fil es being used for table nodels:

Model comp File
4 mytorus_Ezero _v00.fits
6 myt orus_scatteredH500 v00.fits
C!'.‘ o~ Tabs(E) N1 Gal 4,’_1?- E_r'r' MYTZ( Ny, Gobs- E,'l

constant<1>*phabg<2>( ( zpowerlw<3> )MYtorusz<4> +

Ag MYTS(A;, T, Nu, Oobs; E)

Figure 8.1:Schematic illustration showing how to set up the M&YAUs model in XSPEC for
the continuum-only example discusseds2.1. The relationship between the symbolic repre-
sentation of the different model components and correspgi{SPEC model notation is shown.
The complete set of parameters for this example is shownbieTal.
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Figure 8.2:An XSPEC plot showing the MY®RUs model for the parameters shown in Table
8.1 for example 1. The black, solid curve is the total modet, green curve is the zeroth-order
continuum, and the red, dotted curve is the model spectrum.

Some particular points that you should be most aware of,ignahd similar ap-
plications are as follows.

e The units of column density in the MYdRus model are1l0?* cm~2, not
10?22 ecm~2 (which are the units of “regular” column densities in other
XSPEC models). You shoulaeverlink a column density from MY DRUS
with the column density of any other model in the spectréihfitpackage.
The different units serve as a means of discouraging anyt&iop to do
SO0.

The scattered continuum should not be placed in a positicrevit is ab-
sorbed or attenuated by any other model component. In pkatj¢he scat-
tered component isot absorbed by the zeroth-order table (but §8<1.6
and§8.4.7).

The normalization parameter of the scattered continuute talist be tied
to the normalization of the intrinsic power-law continuum.
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e The relative normalization of the scattered continuug, is modeled by a
const ant model component that is intrinsic to the spectral-fittingkpa
age.

e Absorption components, such as the Galactic absorbersexample, must
have photoelectric cross sections and abundances set Hoephare consis-
tent with those used in the particular MYbRUs model components being
used (see Chapters 3 and 4).

8.2.2 Example 2: continuum plus Fe Kv and Fe K@ line model

The XSPEC model file for this example is

nmyt _exanpl e_t abl enodel _02. xcm

in which we add the Fe K and Fe K5 fluorescent emission-line spectrum to the
continuum-only spectrum in example 1.

The details of the fluorescent emission-line model wereudised extensively in
Chapter 7. As in example 1, we usgt or us _scatteredH500.v00. fits
for the scattered continuum. Symbolically, the spectrugiven by

N(E) = Cpemmn(®Nnon((f(2) A;[(1+2)E] ™
MYTZ(z, Ny, Oobs, E)]

Ag [IMYTS(z, Ai, Ty, Nu, bons, E)]

Ap L(z,Ai, Ty, N, Oops, o1, E) )

photons cm ™2 7! keV ™! (8.2)

+ 4 x

whereL(z, A;, T';, Nu, Oobs, 01, E) is the fluorescent emission-line spectrum (see
Eq. 7.2 and the associated discussio§r8.5). The actual expression that sets
up the XSPEC model in this particular example is
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nodel const ant *phabs(

( zpowerlw )etabl e{nytorus_Ezero_v00.fits} +

constant ( atabl e{nytorus_scatteredH500_vO00.fits} ) +
const ant *xgsnmoot h( at abl e{mytl V000010nEpOOOH500_vO00.fits} ) ).

In XSPEC this will be displayed as

const ant <1>xphabs<2>( ( zpower| w<3> )Mt oruszZ<4> +
const ant <5>( MYt orusS<6> ) +
const ant <7>xgsnoot h<8>( Myt orusL<9> ) )

(or an equivalent, similar expression).

The relationship between the XSPEC expression and the dianhodel com-
ponents is illustrated in Fig. 8.3, whilst a plot of the mosgeéctrum is shown in
Fig. 8.4. Table 8.2 shows the correspondence between thelrpachmeters as
displayed by XSPEC, and the symbolic representation for #nameters.

C;“ e~ Pubs{ EINY Gl A E_rr' MYTZ( Ny, fobs, E)

-’IlL UH[}(’:‘GL"F‘ A\I\NJ-IL(;L\ [-i'n ‘I‘\'.’”‘ HU]»\‘\' 'T_:I]

Figure 8.3:Schematic illustration showing how to set up the M&YAuUs model in XSPEC for
the continuum plus emission-line spectrum in example Zudised ir§8.2.2. The relationship be-
tween the symbolic representation of the different modetponents and corresponding XSPEC
model notation is shown. The complete set of parameterfif®ekample is shown in Table 8.2.
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Table 8.2: XSPEC parameters for examplé22.2)

Model Fit Mod  Component
par # par# comp

1 1 1 constant
2 2 2 phabs

3 3 3 zpowerlw
4 4 3 zpowerlw
5 5 3 zpowerlw
6 6 4 MYtorusZ
7 7 4 MYtorusZ
8 4 4 MYtorusZ
9 8 5 constant
10 6 6 MYtorusS
11 7 6 MYtorusS
12 3 6 MYtorusS
13 4 6 MYtorusS
14 5 6 MYtorusS
15 9 7 constant
16 10 8 gsmooth
17 11 8 gsmooth
18 6 9 MYtorusL
19 7 9 MYtorusL
20 3 9 MYtorusL
21 4 9 MYtorusL
22 5 9 MYtorusL

Parameter

factor

nH 1e22
Pholndex
Redshift

norm
NH 1e24
IncAng Degrees
Redshift

factor

NH 1e24
IncAng Degrees
Pholndx
Redshift

norm

factor
Sig@6keV keV
Index

NH 1e24
IncAng Degrees
Pholndx
Redshift
norm

Fil es being used for table nodels:

Value
1.00000 frozen C,
1.790000E-02 frozen Ny Gal
1.90000 r;
3.300000E-03 frozen =z
2.700000E-02 A;
2.00000 Ny
90.0000 frozen 0O,
3.300000E-03=par4d =z
1.00000 Ag
2.00000 =par6 Ny
90.0000 =vpar7 Oops
1.90000 =par3 Iy
3.300000E-03=par4 =z
2.700000E-02=par 5 A;
1.00000 Ajp
4.248000E-03 or
1.00000 frozen «
2.00000 =par6 Ng
90.0000 =par7 Oops
1.90000 =par3 T
3.300000E-03=par4d =z
2.700000E-02=par5 A;

Model conp File
4 nytorus_Ezero_v00.fits
6 myt orus_scatteredH500_v00.fits
9 nyt| _VOO0010nEpOOOH500_vO0O.fits
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Some important points that you should be aware of (in addtticdhose described
for example 1) are listed below.

e The normalizations of the scattered continuum and emidgiertable mod-
elsare both tied to the normalization of the intrinsic powes-Eontinuum.
This is necessary for correctly setting up the absolute abrations of the
different components. In addition, the column densitieslbthree table
models are tied together. Again, this is necessary bechese is physi-
cally only one column density in the MYArus model, even though the
model is implemented with three separate tables.

e The emission-line table should NOT be attenuated by thelzenaler con-
tinuum component.

¢ In this example, velocity broadening is applied only to tha@ssion lines.
It could be applied to the scattered continuum if desired (Bscussion in
£§6.2.2).

e Details of the velocity broadening function (and the pareme) were
given in§7.3.5. The Gaussian velocity width in ke, (in keV), can be
obtained for a given FWHM (itkm s~!) using Eq. 7.6.

e You cannot use the “eqw” command in XSPEC. You must calculage t
Fe Ka and Fe K3 emission-line fluxes using the “flux” command in XSPEC
or thecrFLux model in XSPEC (refer to the detailed discussion§7ri.4
and§7.3.5.3). Then use the line flux for a given emission line, sneathe
relevant continuum manually, and thus obtain the line EV¥ {3e3.5.4).
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Figure 8.4:An XSPEC plot showing the MY®RUs model for the parameters shown in Table
8.2 for example 2. Since the model is the same as that in exathpkcept for the Fe & and
Fe K53 emission lines, we show a zoom of the spectrum in the 5-10 ke land omit the zeroth-
order continuum for clarity. The black, solid curve is theatspectrum. The red, dotted curve is
the scattered continuum. The emission lines are shown & bhtted curves.

8.2.3 Example 3: continuum, Fe kv & Fe Kz lines, plus
optically-thin scattered continuum

In this example we add a continuum component to example 2sthatpart of the
MY T oRrusmodel. This additional componentis commonly observed staked
AGN in the form of a rise in the X-ray spectrum towards low gnes above that
expected from obscuration alone. Such a continuum compamé&mought to be
due to electron scattering of the intrinsic continuum in@med (warm/hot) zone
surrounding the central engine, and extended on a sizetbedlis larger than the
obscuring structure (putative toroidal reprocessorhéfdcattering zone is highly
ionized and has a small enough column density that all abearppacities can
be neglected and that the Thomson deptkiis, the scattered spectrum will have
approximately the same shape as the intrinsic X-ray spectim other words,
a power-law intrinsic continuum will give approximately avper-law scattered
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spectrum. The fraction of the intrinsic X-ray continuumttisascattered into the
line-of-sight is, under these circumstances|AQ/(4x)|rs, where[AQ/(47)] is
the fractional solid angle subtended by the scattering mahtg the X-ray source,
andr, is its average Thomson depth. Using such a simple presamiptie scat-
tered fraction has been estimated to be a few percent orTessefet al. 1997
estimated- 0.02 —5% for a sample of Seyfert galaxies; see also Ueiti. 2007,
and references therein).

In principle, the optically-thin scattered spectrum shiolé calculated by prop-
erly taking into account the ionic absorption opacitiesl @@mpton scattering on
the appropriate Maxwellian distribution of warm/hot efects (as well the geom-
etry and other details). However, the total optical deptbssanall enough that the
data do not yet warrant such a sophisticated treatment, qadvar-law contin-

uum approximation for the scattered spectrum is likely tsagsfactory. Often

optically-thin thermal emission (likely from the same wdnat zone) is also re-
quired but such a component is not included in this exampielfrity (but see

68.4.2).

We denote the fraction of the intrinsic X-ray continuum tiescattered in the
optically-thin zone byf;, and in this this example we implemeyfit with the
const ant model component in XSPEC. The scattered power-law continuum
is denoted byA; E~'7, with A; tied to theA; (the normalizations of the intrinsic
power-law continuum components). The us¢g ads the variable parameter rather
thanA; is a matter of convenience because it is more useful thattteesed frac-
tion is a fit parameter rather than the absolute normalinatiohe scattered power
law. It is unlikely that the data will be able to constrain aifferences between

I'; andI'; (which may in any case be negligible) so in this example wedor; to

be equal td’;.

The XSPEC model file for this example is

nmyt _exanpl e_t abl enbdel _03. xcm

and the model can be symbolically represented as
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Cy, e EINcal([f(2) A [(1+ 2)E) 7"

MYTZ(z, Ny, Oobs, £)]

Ag [MYTS(z, A;, s, Ny, Oops, E)]

Ap L(z, A, Ty, Ny, Oops, oL, E)

folf(2) A5 (L +2)E]D)

photons em 2 st keV ! (8.3)

=
!
[

+ 4+ x

and the actual expression that sets up the XSPEC model is

nodel const ant *phabs(

( zpowerlw )etabl e{nytorus_Ezero_v00.fits} +

constant ( atabl e{nytorus_scatteredH500 v00.fits} ) +
const ant *rgsnoot h( at abl e{nyt| _V0O00010nEpOOOH500_v00.fits} ) +
constant ( zpowerlw ) ).

In XSPEC this will be displayed as

const ant <1>*phabs<2>(

( zpower | w<3> ) Myt orusZ<4> +

constant <5>( MYtorusS<6> ) +

const ant <7>xgsnoot h<8>( MvtorusL<9> ) +
constant <10>( zpowerlw11l> ) )

(or an equivalent similar expression).

The relationship between the XSPEC expression and the dygmbodel com-

ponents is illustrated in Fig. 8.5, whilst a plot of the modpkctrum is shown
in Fig. 8.6. Table 8.3 shows the correspondence between didelrparameters
as displayed by XSPEC, and the symbolic representation éopéinameters. In
this example,f; = 0.0013, corresponding t®.13% of the intrinsic continuum
scattered into the line-of-sight.
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Table 8.3: XSPEC parameters for example #&8%.3)

Model
par #

O©CoOO~NOUILAWNPE

Fit

par #

ahhwPRPONWOWNORPRPOUOPMNWNOOORANOOOOOP»,WNERE

= O

Mod
comp

Component

constant
phabs
zpowerlw
zpowerlw
zpowerlw
MYtorusZ
MYtorusZ
MYtorusZ
constant
MYtorusS
MYtorusS
MYtorusS
MYtorusS
MYtorusS
constant
gsmooth
gsmooth
MYtorusL
MYtorusL
MYtorusL
MYtorusL
MYtorusL
constant
zpowerlw
zpowerlw
zpowerlw

OO OWOWOWOWHOMNDODOODOOODURABRARA,WWWNEER

Parameter

factor

nH 1e22
Pholndex
Redshift

norm
NH le24
IncAng Degrees
Redshift

factor

NH 1e24
IncAng Degrees
Pholndx
Redshift

norm

factor
Sig@6keV keV
Index
NH 1e24
IncAng Degrees
Pholndx
Redshift
norm

factor
Pholndex
Redshift

norm

Fil es being used for table nodels:

Model
4
6
9

conp

File

myt orus_Ezero _v00.fits
nytorus_scatteredHs500 v00.fits
nytl _VOO0O010nEpOOOH500_vO00. fits

100

Value Property Symbol
1.00000 frozen Cj
1.790000E-02 frozen Ny, gal
1.90000 T;
3.300000E-03 frozen =z
2.700000E-02 A;
2.00000 Ny
90.0000 frozen 0,1
3.300000E-03=par4 =z
1.00000 Ag
2.00000 =par6 Ng
90.0000 =par7 Oobs
1.90000 =par3 T
3.300000E-03= par4 =z
2.700000E-02=par 5 A;
1.00000 Ap
4.248000E-03 or
1.00000 frozen «
2.00000 =par6 Ny
90.0000 =par7 Oops
1.90000 =par3 I}
3.300000E-03=par4 =z

2.700000E-02=par 5 A;

1.300000E-03 f;
1.90000 =par3 T, (=1Iy)
3.300000E-03= par4 =z
2.700000E-02=par5 A; (= 4;)
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h -~ unlE) Ny G A E7T MYTZ( Ny, Oops, E)

Agq MYTS(A;, I, Ny, Oobs, E)
constant<5>( MYtorusS<6>) +

E, 01,3, I\’IYTL(A“ Fj._.i:l\'r]-i,g”],s.’;f:)]

Ap | s

constant<10>( zpowerlw<11>))

Figure 8.5:Schematic illustration showing how to set up the MYAuUs model in XSPEC for
example 3, which includes the reprocessed spectrum pluptarally-thin scattered continuum
(see§8.2.3 for details). The relationship between the symbddjoresentation of the different
model components and corresponding XSPEC model notatishasin. The complete set of
parameters for this example is shown in Table 8.3.
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Figure 8.6: An XSPEC plot showing the MY®RuUsS model (plus an optically-thin scattered
continuum) for the parameters shown in Table 8.3 for exarpl&€he black, solid curve shows

the total spectrum. The scattered continuum component thentorus is shown as a red, dotted
curve, and the optically-thin scattered continuum is shawa blue, dotted curve. For clarity, the
separate contributions from the zeroth-order continuuchtha emission lines are not shown.

8.2.4 Fluxes and Luminosities

Fluxes and luminosities in specified energy bands can benaltan the usual
way. With the full model in place these fluxes and luminositiell of course cor-
respond to observed quantities. In order to obiairinsic continuum fluxes and
luminosities you must removALL three components of the MYARUS model
(including scattered continua and emission lines), andodimgr absorption com-
ponents. You must of course also remove any other continlamponents that
you are not seeking the flux or luminosity for (e.g. composéhat may be due
to some other type of reprocessing, such as the opticalystiattered continuum
discussed ir38.2.3). You must also correctly account for the source rédsee
68.3.1).

102



Chapter 8. Spectral Fitting with the MY Torus Model

8.3 Modeling high-redshift sources

Since the MYToRUS model is calculated up to a certain enerdy; (the ter-
mination energy), an astrophysical source with a cosmotbgedshift ofz will
produce a spectrum that extends only up an energi;0f(1 + z) in the ob-
server’'s frame. If the energy range (or bandpass) of the(ddtich measures the
observed-frame spectrum) extends beyénd (1 + z) the resulting spectral fit
will be invalid. Aside from the fact that the scattered cootim does not extend
beyondE in the rest frame, the zeroth-order continuum table end8@kBV in
the rest frame, and XSPEC will simply use a multiplicativetéa of unity since
a value in the table will not be available. This produces amaalous “jump” in
the spectrum a500/(1 + z) keV in the observed frame. Therefore you should
manuallyrestrict the upper energy of the datafig/(1 + z) in order to avoid
problematic or erroneous spectral fits.

II| T T IIIIII| T T IIIIII|
5t
- F
L -
(]
~ -
b oL
EOTE
£ -
[2)
c L
8 o
Q b: A‘v
s — \
é-‘ | L vl L ool X =
1 10 100
Energy (keV)

Figure 8.7:A plot from XSPEC of the MY DRUsmodel spectrum for = 2, illustrating that
the model is only valid belowEr /(1 + z)] in the observed frame. In this example, the data
above[500 keV /(1 + z)] should be discarded before fitting. The other parameterseofrtodel
arel’ = 1.9, Ny =5 x 10%* cm ™2, andf,,s = 90°. See§8.3 for details.

Fig. 8.7 shows a model plot from XSPEC illustrating what repgpwhen you
don’t manually restrict the energy band. In this examplethigesource redshift is
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2.0 (the figure caption gives the other parameters of the lhddecall that in the
table model implementation of MYAGrus different scattered continuum tables
have been calculated for different valuesfof (see Table 6.1). One can obtain
the maximum redshift of a source that the model is applicehlgiven the upper
limit on the energy spanned by the data, gay

Zmax = (ﬁ)—l. (8.4)

Conversely, for a source with redshiftyou should restrict the data to energies

(1+2) (8:5)

8.3.1 Fluxes, luminosities, and equivalent widths

XSPEC gives fluxes that are observed-frame quantities, iengngy band that
is specified by energy boundaries in the observed frame. hasities are cal-
culated by XSPEC at the specified valuezofusing energy boundaries that are
specified in the rest frame. All model parameters, including intensities, dis-
played by XSPEC are rest-frame quantities. HOWEVER, if yowwdate the
flux of an emission-line that is part of the MYOSRusmodel (se¢7.1.4,57.3.5.3,
and§7.3.5.4), that line flux will be ambserved-frameuantity. To convert an
observed-frame line flux that is in units photons cm =2 s~! to a flux in the rest
frame of the source, you must multiply the observed fluX by- z). To calculate
the EW of an emission line in the rest frame, you must use tteframe line flux
and the rest-frame continuum at the line center. Recall tieelEW of an emission
line in the observed frame is smaller than that in the restéry a facto(1 + z).
Itis important to note, however, that the XSPEC “eqw” comuthgives the EW in
theobserved frameven though all the model parameters are rest-frame gugsntit
(but recall that you will not be using the “eqw” command foftatdating EWs of
lines that are intrinsic to the MY@rusmodel).
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8.4 Including additional model components

In most situations you will inevitably need to include modemponents that are
not part of MYToRus and these will unavoidably be ad hoc components. Great
care must be exercised when combining MYRUs with other model compo-
nents because it is possible to obtain results that arereittevhat you intended,
or results that are not meaningful. In some situations tkeceasistency of the
MY T orus model will be destroyed, in which case you are responsibielés
termining whether the particular application can tolesateh a compromise. We
recommend that you always keep in mind a physical picturéesituation you
are trying to model because it is easy to lose sight of it wheénguad hoc model
components. If you add model components simply for the sdlabtaining a
good fit to the data, without proper regard for the physictrpretation of the ad
hoc components, there is no purpose in using the MXUs model. Your entire
model may as well be ad hoc.

We discuss below the most common situations that are likedyise for including
additional model components.

8.4.1 Power-law continua

Since the current table-model implementation of the MDRDUS model is cal-
culated for an incident power-law continuum, you may add asyradditional
power-law continuum components as you wish, without dgsipthe self-
consistency of the model. Each power-law continuum may favermalization
and photon index independent of every other power-law corapb However,
for every power-law component that has an independent datian or photon
index (or both)you must include a separate scattered continuum compomeint a
a separate emission-line component for each intrinsiciooim componentin
the table-model implementation this means that each pawecomponent is as-
sociated with its own scattered continuahabl e. There would still be only
one value ofVy andd,,s. On the other hand, you can apply the zeroth-order mul-
tiplicative model (e.g. aet abl e) to the sum of all the power-law continua. For
example, for a double power-law we would have, in symboli@nhon
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N(E) = [(ALE™™) + (AE)MYTZ(z, Ny, Oops, E)

+ [(ALET")MYTS(2, A1, Ty, Nit, Oobs, B)]

+ [(A2E7"2)MYTS(z, A, T'a, Nit, Oops, E)). (8.6)
Strictly speaking the above expression is valid only for 0 because we have
omitted cosmological factors involving for the sake of clarity of presentation
since it is theform of the expression that is important here. In analogy to Egj. 8.
if you use the fluorescent emission-line spectrum of the M¥Us model you
will need a separate MY3RUS emission-line component for each independent
power-law continuum component. For the table-model imgletation this means
that you need a separate MYTL table for every power-law oontm component,
with various parameters tied together following the exangtiove for the MYTS
components.

Implicit in all of the above discussion is of course tladitof the power-law in-
trinsic (or incident) continuum source components are tedaat the center of
the torus and that they are all emitting isotropicallpecause those were the
assumptions that the original Monte Carlo calculations wesed on. If you
want to model power-law continuum components thatreottied to these two
assumptions yoganinclude such componentsit you cannot then include the
MY T oRrus scattered continuum and emission-line spectrum. ¢é&mu however,
include the zeroth-order multiplicative component for M¥AUS, if the line-of-
sight between the additional power-law continuum sourae the observer in-
tercepts the torus. In other words, you will be forced to eegthe Compton-
scattered continuum and fluorescent line emission assdondth your additional
power-law source. It is your responsibility to determineet¥ter the resulting
compromise is tolerable.

In §8.2.3 we gave an example of an additional power-law compgdoewhich the
approximation of neglecting all three MYORUS components (MYTZ, MYTS,
and MYTL) was acceptable. In that case the additional power-law modeled
optically-thin electron scattering in a zone that was eaéehon a size-scale larger
than the torus. The absorption and scattering optical depthe zone was so
small that the fraction of the intrinsic continuum scatigrin that zoneand then
scattering back from the torusas negligible. The fluorescent line emission from
the already small fraction of the intrinsic continuum retag to the torus could
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also be neglected. The source of the additional power-lampoment had a physi-
cal location such that X-rays from it could reach the obsemrthout intercepting

the torus, so the zeroth-order component of MXRUS (MY TZ) was not needed
either. Although in that example it is possible that soméefdptically-thin zone

scatters X-rays that then do intercept the torus, they wbaléurther attenuated
by the torus and rendered undetectable compared to thecesysed X-rays from
the primary power-law continuum.

8.4.2 Non-power-law continua

As explained above i§8.4.1, if you include additional continuum components
that are not power laws you will not be able to include the eissed Compton-
scattered continuum and fluorescent line emission from thelr®RUS model.

If the additional continuum source is located at the centeigin) of the torus
then you can still use the zeroth-order multiplicative comgnt of MY TORUS
(MYTZ). In situations that correspond to the additional govaw continuum
source being located in positions for which the line-ofasigoes not intercept
the torus, you will not of course need a zeroth-order contim@attenuation fac-
tor from MYToORUS. Recall from Chapter 5 that the MYT&t abl e values are
identically equal to zero (optical depth) for lines-oftsighat do not intercept the
torus (and the correspondimg abl e values are identically equal to unity). This
facilitates a seamless transition from the intrinsic (wswaved) continuum to the
attenuated continuum for the full range of model inclinatamgles.

Clearly, the location of the additional continuum sourcetieé to the torus de-
termines how the zeroth-order MYORUS component is set up. Suppose the ad-
ditional continuum component is denoted by~ , =,,, n = 1,2, ..) (where ther,,

are the model parameters). Symbolically, the model woulsebeip as

N(E) = [(AE")+ J(E,2,)]MYTZ(E)

+ (remaining model components) (8.7)

if J(E,x,) is located in a position for which the line-of-sight betweeand the
observer could intercept the torus, or
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N(E) = [(AET")MYTZ(E) + J(E,x,)

+ (remaining model components) (8.8)

if J(E,z,) is located where no interception of the additional emissiompo-
nents by the torus is possible. Here, we have omitted othelehmmmponents,
the units, and abbreviated the notation for clarity.

In many situations the lack of a mechanism to include the Comptattered con-
tinuum and fluorescent line emission from additional caniim components that
are not power laws will not be a problem. For example, if thdi@ahal con-
tinuum is thermal with a temperature less thanl keV or so, both Compton
scattering and Fe K fluorescent line emission in the torus due to that continuum
will be negligible. Compton scattering will be negligibledaeise the absorption
opacity at the relevant energies is much greater than tlotretescattering op-
tical depth. Fluorescent line emission due to Fe Will be negligible because
the continuum flux above the Fe K absorption edge will be gdgé for a low-
temperature thermal continuum. On the other hand, fluoné$ioe emission due
to the lighter elements may potentially be important, basthare not yet included
in MYT ORUSanyway.

An optically-thin soft X-ray thermal continuum (with? ~ 0.5 — 0.7 keV) is
sometimes observed in AGN, originating in the extended Waoimzone sur-
rounding the putative torus and central engine. Such armamth component
would likely be placed in a location for which the emitted iedtbn does not in-
tercept the torus before reaching the observer. On the b#ret, a thermal (pos-
sibly optically-thick) continuum component (manifestingelf as a “soft excess”
in the observed X-ray spectrum) might originate in an aganedlisk, in which
case it would be placed in a location for which the radiationld intercept the
torus before reaching the observer. However, in such siugta soft continuum
component may only be observable for unobscured linesgbt-sPlacing such a
component in a position in the XSPEC model expression thawslit to be ob-
scured by the torus is still correct because the MYTZ compbdees not require
a priori knowledge of the inclination angle.
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8.4.3 High-energy exponential cutoff

If you have a deficit in the data at high energies comparecdetbéist-fitting model,
you may be tempted to include an exponential cutoff modelpmoment in order to
make the high-energy continuum fit the data. We have disdusslength in this
manual the reasons why applying an exponential cutoff tactrginuum is not
physical (e.g. se€3.2.3 and;6.1.3). Here we point out that in addition to the rea-
sons already given, modifying the continuum with an exptiaéoutoff destroys
the self-consistency of the MYAGrus model. Applying a high-energy exponen-
tial cutoff to the continuum will yield no new physical infoation. Therefore
one must question the value of applying a high-energy cstofply for the sake
of obtaining a good fit to the data without learning anythireyvn If the spec-
tral fit really is so poor that it is not tolerable then you slibuse a MYTORUS
scattered continuum model with a different terminationrgné~r—seet6.2.5).
In addition, it is important to remember thgbu can already use any arbitrary
physical continuum model with the zeroth-ordéY T orRuscomponenfMYTZ).
For example, a variety of thermal Comptonization models eadable in XSPEC
and these have intrinsic high-energy turn-overs that aysipal and not ad hoc.
You may approximate the corresponding scattered continnidmMYTS using
judiciously chosen values of the normalization, photoreixydandE£r. Youare
responsible for determining whether such approximatioest@erable for your
application. In the future we may also make available pteutated MYTS ta-
bles for thermal, Comptonized continua.

In summarydo not apply a high-energy exponential cutoff to the contimuln-
stead, use models with different valuesiyf or construct an approximation using
a physically motivated intrinsic continuum.

8.4.4 Additional “narrow” emission lines

There are two distinct situations in which you may want tdude additional
emission lines, modeled for example, with Gaussian compusn®©ne is to model
fluorescent line emission from the torus that is not yet idetlin MY TorRus (for
example, the Ni K line), and the other is to include emission lines from phaisic
locations other than the torus. In the former case, the émnidtne component
should NOT be attenuated by MYTZ because the fitted modelldleaurespond
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to the observedine. Recall that in the case that an emission line is assatiat
with an absorber in which it is created, there is no such tamthe “absorption-
corrected” flux. Only the observed flux has a physical meanifige measured
line flux (or EW) can then be compared with theoretical preoins. If you are
modeling the Ni kv fluorescent emission line you can use the theoretical esult
in §7.2.4 to determine whether the measured line flux is comgistith the other
parameters of the MY®RuUsmodel.

In the second case, that you want to model line emission frdotation other
than the torus, you must first specify whether the physi¢abtion requires that
any of the lines-of-sight between the observer and thedméting region in-
tercept the torus. If not, then no zeroth-order continuunttiplicative factor is
needed, otherwise it is. Setting up the model componenteisgimply a matter
of following the examples in Eq. 8.7 or Eg. 8.8 by analogy. Ha particular sit-
uation described here you cannot expect the MYTZ compormeatitomatically
determine the line-of-sight attenuation fraiy,, alone because you may locate
the source of additional emission at a position that hasferdiit line-of-sight
attenuation compared to the primary X-ray continuum saurce

Modeling emission lines from the torus or elsewhere in an@drhanner means
that Compton scattering of those emission lines in the t@useglected so you
will not be able to model the Compton shoulder created by thiecademission
lines. Compton scattering will occur whether or not the emaisine is formed in
the torus or not. The zeroth-order attenuation, where aalieffor emission lines
not created in the torus), will however be correct. The miagia of the Compton-
scattered component relative to the core of an emissiondipends principally
on the column density of the torus and its orientation, amdsingle-scattering
albedo at the line energy. Refer backsihl.2 for a detailed discussion of the
properties of the Compton-shoulder. Although most of thatwasion refers to
the Fe K line, some general principles are relevant for any emisanen

We strongly recommend that you dwt model the Compton shoulder with
a Gaussian model component because you will not derive anpgigaily-
meaningful information from doing so. The Compton shouldenaot Gaussian
in shape. Having said that, it is very unlikely that your datt give you unam-
biguous, statistically significant evidence of a Comptorusther on any line other
than the Fe & emission line for at least a few years yet.
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8.4.5 Accretion disk spectra

Most of the preceding discussions §B.4.1-$8.4.4 are also relevant for contin-
uum and emission-line components originating in the pegadccretion disk. We
include here a separate section on the accretion disk coenp®in case some
issues are not obvious. If one of the standard assumptiang &6N geometry
is correct, the accretion disk can be assumed to be coirtordénthe center of
the torus. Indeed, the monte-carlo calculations for MRDSwere based on that
assumption. We take this opportunity to remind you that ¢tlhes in MY TORUS
need not be the parsec-scale structure that is usuallyredfén as “the torus”.
The torus in MYTorRuscan correspond tanytoroidal distribution of matter, in-
cluding the BLR, or even (albeit approximately) part of theyveuter accretion
disk.

The inclusion of any continuum emission from the accretimk dlong with the
MY T orus model, whether it is thermal or non-thermal, can be done bgvie

ing the discussions if8.4.1 ands8.4.4. The same principles also apply to any
reflection continuum from the disk, whether or not it is i@dz and whether or
not it is affected by relativistic distortion due to the piivta black hole. The dis-
cussions irg8.4.4 apply to any line emission from the disk, whether orint
relativistically broadened.

The current implementation of the MYORuUs model can only treat Compton-
scattering of disk emission components that are power land ihis is described

in §8.4.1). This means that Compton-scattering of XAy disk-reflection con-
tinuum and disk emission lines in the torasieglected. Such “double-reflection”
may in factnot be negligible for unobscured lines-of-sight. Future emeaments

of the MYToRus model may be able to treat such a scenario. We note that ad
hoc models that are currently widely used cannot treat ttiaible-reflection”
correctly, even in principle.

Although Compton-scattering of the disk-reflection and eiis-line spectrum
by the torus cannot yet be handled by M¥Rus if the line-of-sight to the
observer intercepts the torus, the zeroth-order atterifyoMY ToRus will be

correct. The zeroth-order multiplicative component of M& T orRUS model

(MYTZ) should be employed for all disk continuum and line ssion compo-
nents and should be applied to the disk spectra that alremayrklativistic effects
applied (if required).
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8.4.6 Cold/neutral absorber components

Including additional absorber components with the MXRIUS model will, in
general, break the self-consistency of the model. Compiattestng is not treated
at all in most “regular” absorption models. If it is treatede treatment is very
simple and may be inadequate (if it is not simple then the misdeot an ab-
sorption model). The absorption model will also not inclule fluorescent line
emission that would be produced by the absorber.

Having said that, you may includaniform column densities less tharn
1022 cm~2 without concern about the treatment of Compton scatterintfiar
orescent line emission (unless any of the element abundaareesignificantly
higher than solar). Thus, Galactic absorption and absordiy the AGN host
galaxy may be included quite trivially, as in the example§8r2.1-58.2.3. Obvi-
ously, both Galactic and host galaxy absorption must beegpall model com-
ponents. When includingny additional absorber components with M¥RUS,
you must remember to set the photoelectric absorption g@stsons to those of
Verneret al. (1996), and the elements abundances to be consistent wié tised
by MYToRus(Anders & Grevesse 1989 for the current implementation).

For column densities higher than 10?2 cm ™2, if the absorber is modeling a
component in the central engine, you must first establistiveneour data really
require additional absorption or whether your assumptaiyaut the continuum
are inadequate. For example, what do the residuals aroenBetK absorption
edge (after fitting the MY ©RrRusmodel) tell you about the requirement for extra
absorption? Then you must establish what physical sceyatoare trying to
model, bearing in mind that “regular” absorption models @ne dimensionah
the sense that they only provide extinction in the lineights

Are you trying to model additional absorption farther owtrfrthe center than the
torus? If so, is the size of the additional absorber much lem#lan the size of
the torus? If so, the additional absorption must be applieg t the MY TORUS
zeroth-order (attenuated) continuum, and not the MRXTUs Compton-scattered
continuum (MYTS) or the emission-line spectrum (MYTL). hnat case both the
Compton-scattered continuum and fluorescent line emissamn the additional
absorber may be small enough to be negligible. On the othed,hayou en-
visage an additional absorber that is of comparable sizkeddrus (or larger),
the additional absorber component must be applied to aletmmmmponents (just
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like Galactic absorption). In that case your model will bessimig the Compton-
scattered continuum and fluorescent line spectrum from didéianal absorber.

In either case, it will be more accurate to use another MY Tgonent for the

additional absorber rather than a “regular” absorber corapbbecause the for-
mer includes a better treatment of Compton-thick line-gfhsattenuation.

Alternatively, an additional absorber component may beireq to compensate
for the fact that the distant-matter reprocessor in AGN igkety to be an exact
torus. Again, it is more accurate to use another MYTZ compbmnather than
“regular” absorption (although MYTZ does not yet allow elemh abundances to
be free parameters). If the column density is much greatar th*> cm =2 you
will lose the self-consistency of the MYARus model.

If you are trying to model additional absorption locatedizsn the accretion disk
and the torus the self-consistency of the MdRUsmodel will be broken. Such a
scenario requires a specific, three-dimensional model &ntiMonte Carlo treat-
ment to calculate the spectra correctly. Therefore, ptpamadditional absorber
in between the X-ray continuum source and the torus is slyafigcouraged. In
fact XSPEC, with the current table-model implementation &f MorRUSdoes not
allow you to do this anyway.

It is important to bear in mind that even if the self-consisteof the MY TORUS
model is lost by including additional absorber componeints, still better than
the current practice of using completely ad hoc models stingi of simple at-
tenuation plus disk-reflection. Such models are not phisind do not yield
physically-meaningful parameters in the context that they applied. On the
other hand, using the MY@rusmodel plus some additional ad hoc model com-
ponents builds upon laaselinethat is physical and self-consistent. Results from
fitting data can then serve as a basis for eventually impgothe baseline model.

8.4.6.1 Partial covering models

So far we have discussed including additiomaiformabsorber components. Par-
tial covering models apply absorption to only a fraction lo¢ tspectrum. The
fraction that is absorbed is then numerically added to thebsorbed fraction
of the spectrum. Mathematically, partial covering mode¢sexjuivalent to a fully
covering absorber with some of the unabsorbed continuunglssiattered into the
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line-of-sight without a change in the spectral shape. Ttbediure is very confused
on the application and interpretation of partial coveringdels. Like the simple
uniform absorbers, partial covering models aree-dimensional A physical in-
terpretation requires additional assumptions. If theiglacbvering is interpreted
literally, it means that the covering factor refers onlyraction of the source cov-
ered in the line-of-sight. That covering factor tells ushiog about the global
covering factor of the absorber (i.e. the solid angle of theoaber subtended
at the source). Including partial covering model compos&ith MYTORUS IS
problematic because it could be applied to the zeroth-ardetinuum, the scat-
tered continuum, the fluorescent line spectrum, or any coatioin of these. No
matter how the partial covering is applied, the physicalmregof the final model
and derived parameters may not be clear or even physicapnmgful. Rather
than use a partial covering model that has a line-of-sigiog factor as one of
the parameters, it is better to separate the continuum coemt® into those that
are absorbed (uniformly) and unabsorbed, since this isenakically equivalent.
Interpretation of the resulting parameters is then lesblpmatic, although it is
still rather ad hoc. In summarypu should not use partial covering models with
MYTORUS.

8.4.7 Warm absorbers

If your data require one or more photoionized (or “warm”) @iier components,
the least complicated situation is one in which the warm diesds not obscured
by the torus. In that case it is simply applied to the intecn&iray continuum,
or the X-ray intrinsic continuum plus scattered torus emisgMYTS) if you
think the warm absorber has a size that is larger than the.t@ymbolically this
scenario can be written in abbreviated form as

N(E) = WARM(E)[AE™" + (AsMYTS(A;, T, E))] (8.9)

where WARM(FE) is the warm absorber model. An implicit assumption in the
above procedure is that the MYTS component has little effecthe ionization
state of the warm absorber (which may not be true). Placingramabsorber in
between the X-ray source and the torus is problematic fostimee reasons that
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were discussed abovég(4.6) for a cold/neutral absorber placed in between the
X-ray source and the torus. As for the case of the cold/nkalisorber, XSPEC
does not actually allow you to do this with the current impéeration of the
MY T oRus model. Placing a warm absorber farther from the X-ray sotiraa
the torus is also problematic, unless you produce warm bbsaonodels using
the MYTORUS spectra as inputs to a photoionization code, but the bésigfit
MY T oRuUs spectrum is not knowa priori. In any case, the latter is an unlikely
scenario in AGN because the continuum from the Compton-ti@gkocessor will
not be able to ionize the warm absorber sufficiently to predhe usual observed
warm absorber features. It is possible to approximate aasweim which the
warm absorber is identified with a wind on the surface of thhagdy splitting
the intrinsic X-ray continuum into a portion that is absatly a warm absorber
and a portion that is reprocessed by the torus. In abbreviaitation, this can be
written as

N(E) = [AE""')WARM(E) +
(A ET")MYTZ(E) + (AsMYTS(A4,, Ty, E))]. (8.10)

The cost of this procedure is an extra ad hoc normalization.

8.5 WARNING: “plot model” anomaly

We reiterate here something that was mentionegbid.3 ands6.2.6. That is,
the “plot model” command in XSPEC may plot a model outsidehaf ¢nergy
range covered by the data and/or outside of the energy ramgeed by a table
model. The valid energy range of the MYRuUs model is currently 0.5 keV up
to £ (and the energy range of the data should of course never tisgdeuhese
bounds). This “plot model” anomaly can result in model pkbist are incorrect.
Moreover, if an energy bin is so coarse that it crosses oneedbdundaries of the
valid energy range, the model pioside the valid energy range can be incorrect
This can happen, for example, when simultaneously fitBogakuXIS and HXD
data. The problem affects only the plot and does not affeetsifectral fitting
itself. Other plot commands in XSPEC such as “plot data” gridt‘ufspec” do
not exhibit the anomalous behavior.
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Chapter 9

Effects of Different Opening Angles,
Element Abundances, & Geometry

As described throughout this manual, the M&¥RUs model is based on a num-
ber of fixed assumptions. Moreover, it is not possible tovalidl of the physical
parameters to be free in a spectral-fitting context. In Riemhancements we in-
tend to expand the capabilities of the M¥RuUSspectral-fitting model. However,
the Monte Carlo simulations on which the model results aredase extremely
CPU-intensive in order to achieve a statistical precisiat th high enough for
spectral-fitting purposes, with the desired energy regsiutExpanding the pa-
rameter space of MY®Rus will therefore require significantly more labor and
CPU time. From the perspective of modeling AGN X-ray spedtrajould be
most useful to allow the torus opening angle (or, equivlyéhe covering factor),
and the Fe abundance to be free parameters for spectrag-fitirposes. Quanti-
tative results and extension of the MYRuUs model will be presented in future
work, but in the meantime we provide here only some genedatations of how
the reprocessed spectra would change with departure frome &6 the default
assumptions.

We again emphasize the fact that even with the current ded@sumptions, it
is still better to use the MY®RuUS model than an ad hoc combination of model
components that result in a model that is not physical. Farmgte, simple line-
of-sight attenuation combined with disk reflection is notrggical model of the
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circumnuclear matter in AGN and such a model cannot yieldjgayly meaning-
ful parameters. On the other hand, the M&YRUsmodel provides @hysical and
self-consistent baselires a starting point. Real AGN will not conform to all of
the assumptions in the model but the results of fitting dath WiY TORuUS will
serve as quantitative indicators of how the model shouldkbended in a physical
and self-consistent manner. Such an approanbtipossiblevith models that are
completely ad hoc.

9.1 Covering factor

If the covering factor is changed (or equivalently, if theu® opening angle is
changed), the change in the scattered spectrum is not.ti8wdh theshape and
magnitudeof the scattered spectrum change as a function of coveratgrfarhe
same is true for fluorescent line fluxes and EWs. The continwahiae spectra
must be calculated using full Monte Carlo simulations.

For both the scattered continuum and the fluorescent emiisi® spectrum there
are two opposing effects. One effect is the increase in @netiém of the X-rays
from the central source that are intercepted by the torub@savering factor
is increased. The other effect is the increasing amount [65kelding of the
scattered continuum and the fluorescent line as the coviragr increases. The
self-shielding results from photons that emerge from thiéase of the torus and
then re-enter it. There is thus a value of the covering fatttar yields the maxi-
mum scattered continuum level, and the maximum fluoreserisisgon-line flux.
In the MYTORUS geometry the value of the covering factor that maximizes the
reprocessed flux is in the range 0.4 — 0.6 (it depends on the inclination angle
as well). Some more general aspects of the effect of the icmyvéactor on the
reprocessed spectrum can be found in lketlal. (2009), albeit for a different
toroidal geometry than that adopted for MBRUS.

We repeat here something that we have already pointed oupt€ht and Chap-
ter 7 because it is so important. That is, the relative namatbn factors for the
scattered continuum and for the fluorescent line spectdynand A, respectively

(see Table 3.2), shoulieverbe interpreted simply as covering factors.
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9.2 Element abundances

The single-scattering albedo is a function of photon enextgment abundances,
the photoelectric absorption cross sections, and the Conggtattering cross sec-
tion (see§2.3 and Eq. 2.5). It has a value between 0 and 1, the formee-corr
sponding to pure absorption, the latter corresponding te paattering. For the
cosmic abundances of Anders & Grevesse (1989), and the NMetra. (1996)
absorption cross sections adopted for MOYRUS, the albedo has a value of 0.90
at ~ 25 keV. If the element abundances are reduced, this energyresctower
(Compton scattering then dominates over absorption at lewergies). Since the
absolute energy shifts due to Compton scattering becomarelssnd less at lower
and lower energies, the reprocessed soft X-ray spectrumribes and becomes
more and more like the intrinsic (incident) X-ray continuasthe element abun-
dances are decreased. The high-energy spectrum stillesteejpe to Compton
downscattering but the Compton-hump becomes less and lessrant because
absorption no longer produces the flux deficit that forms theénergy side of
the Compton hump. The details of course depend on which elesbemdances
are reduced. Fe has the greatest effect on the shape anmekeralagnitude of the
Compton hump.

If the element abundances are increased relative to theicesines, the energy
at which the albedo is 0.90 increases to values higher th&eZ5The Compton
hump becomes more prominent and its peak energy moves higsow the
Compton hump the reprocessed spectrum becomes more and manéeslded
as the element abundances increase. Again, the detailpd shahe spectrum
depends on which element abundances are increased.

9.2.1 Fe abundance and the Fe K line

The dependence of the FexKluorescent emission-line flux and EW on the Fe
abundance is of particular interest but it is not a simplati@hship. There are two
opposing effects. A change in the Fe abundance changestti®ir of the con-
tinuum that is absorbed by the Fe K shell but it also changespiical depth for
the line photons to escape the medium. The effect of charigm§e abundance
also depends on the inclination angle of the reprocesserdéhailed behavior of
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the Fe Kx fluorescent emission-line flux and EW must be obtained byMalhte
Carlo calculations. The relative normalization of the flisment emission-line
spectrum,A;, (see Table 3.2), should not be interpreted simply as a vel&e
abundance.

9.3 Geometry

Due to the strong angular dependence of the differentiahkiigshina Compton
scattering differential cross section, and geometry-ddeet optical depth effects,
the shape of the reprocessed spectrum and its relative tadgr@dompared to the
intrinsic incident continuum depends on the geometry ofrépgocessor. We do
not know the exact geometry of the circumnuclear matteridigion in AGN.
However, the geometry and other assumptions adopted for ¥RUE serve as a
baseline for a self-consistent model that we can start apptp real data and use
the results to deduce how the model should be refined to réfiettue properties
of the reprocessor.

Ghiselliniet al. (1994) and lked&t al. (2009) have studied the X-ray reprocess-
ing properties of a toroidal geometry that corresponds foheie with a bi-cone
removed from it. Photons from the X-ray source impinge orrépeocessor with

a different range of angles compared to the toroidal gegnietMY T ORUS .
The angle-dependencies of the optical depths for escapsgnedium are also
different for the two geometries. Therefore the scattedinouum and fluores-
cent emission-line spectrum are different for the georestreven for the same
covering factor.

A clumpy, or patchy toroidal matter distribution would aggiroduce different
scattered and emission-line spectra. The most signifiagatehce would come
from the fact that the observed spectrum would consist ofapdex composition
of reprocessed emission covering a larger range of inciaetitemergent angles
than the “uniform” toroidal distribution (e.g. see NandraGorge 1994; Miller
et al. 2009).

A fully covering spherical distribution of matter surroundg an X-ray source
gives yet another set of characteristics for the reprocessegission (e.g. see
Leahy & Creighton 1993; Yaqoob 1997). Notably, the soft X-sagctrum would

120



Chapter 9. Effects of Different Opening Angles, Element daooes, &
Geometry

be diminished much more than any of the geometries discus®mae because the
soft X-ray flux in those geometries preferentially comesrfiparts of the matter
distribution that have the smallest optical depths in the-bf-sight. The symme-
try of a spherical geometry does not provide any preferregctions for photon
escape. For the same reason, the keike will not be observed from the same
surface as the X-ray continuum illumination so its flux and BMW more closely
resemble values obtained for the edge-on torus.

The fully-covering spherical geometry actually gives adowmit on the level of
the soft X-ray continuum (below 10 keV) relative to any other geometry. All
other geometries give a larger and softer low-energy X-oajinuum because of
the smaller optical depths near the physical boundaridseofitcumnuclear mat-
ter. This sensitivity of the scattered X-ray continuum te garticular geometry
of surface of the reprocessor must be borne in mind whenpregng the results
of spectral fits with the MY DRusmodel (this was also discussedsiBL1.1).
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